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Resumen
Aunque el conjunto de tecnolog´ıas 3G (Third Generation) basadas en WCDMA
(Wide-band Code Division Multiple Access) y HSPA (High-Speed Packet Access)
forman en la actualidad el fundamento de las redes mo´viles de banda ancha ma´s
empleadas, LTE (Long-Term Evolution) es, sin embargo, la tecnolog´ıa mo´vil con el
crecimiento ma´s ra´pido de toda la historia. LTE es capaz de proveer velocidades
de transmisio´n de datos muy elevadas y con una latencia extremadamente reducida,
especialmente en el enlace descendente, DL (downlink), a expensas de incremen-
tar su complejidad. E´stas son algunas de las caracter´ısticas que convierten a LTE
en una tecnolog´ıa de banda ancha mo´vil con enormes posibilidades, no solo para
usuarios dome´sticos sino tambie´n para aplicaciones novedosas en comunicaciones
M2M (machine-to-machine), servicios de salud tipo mHealth, o los nuevos servicios
asociados a las ciudades inteligentes (smart grids). Algunas cifras que ilustran este
vertiginoso crecimiento es que el nu´mero de l´ıneas LTE ha aumentado con una tasa
muy elevada en el primer cuatrimestre de 2016, aportando aproximadamente 150
millones de nuevos usuarios, y alcanzando un total de 1200 millones de clientes en
todo el mundo. Este desarrollo se aprecia mejor si se considera dentro de un con-
texto global en el que se observa co´mo, por ejemplo, las redes basadas en WCDMA
han crecido so´lo en 70 millones de usuarios, mientras que, incluso, aquellas basadas
en GSM (Global System for Mobile Communications) han disminuido sus clientes
en unos 60 millones –a pesar de que la mayor parte de los usuarios de sistemas 3G
y 4G (Fourth Generation) utilizan GSM y EDGE (Enhanced Data rates for GSM
Evolution) como redes de respaldo–.
Hay varias razones que explican el ra´pido despliegue de las redes LTE. Por un
lado, el mercado de dispositivos mo´viles esta´ creciente a tasas muy elevadas (⇡ 80%),
constituyendo ya los tele´fonos inteligentes (smartphones) el 75% de los dispositivos
de usuario. Por otro lado, la te´cnica OFDMA (Orthogonal Frequency Division Mul-
tiple Access) en el enlace descendente permite que LTE sea capaz de soportar tasas
de datos ma´s elevadas que las de HSPA. Hay incluso nuevos comportamientos de
usuarios, sobre todo del segmento de poblacio´n ma´s joven, que esta´n modificando
sus preferencias a la hora de ver TV, desplaza´ndose progresivamente desde el tele-
visor convencional al streaming en sus smartphones. La combinacio´n de todos estos
factores esta´ espoleando una demanda fuertemente creciente de servicios novedosos
y muy intensivos en Mbps (HDTV, v´ıdeo bajo demanda (VoG), gaming, etc.): el
tra´fico de datos ha crecido un ⇡ 65% entre los primeros cuatrimestre de 2015 y el
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de 2016.
LTE yMobile Worldwide Interoperability for Microwave Access (Mobile WiMAX),
han constituido las dos tecnolog´ıas de banda ancha que se han propuesto como re-
spuesta a la iniciativa IMT (International Mobile Telecommunications)-Advanced.
Cuando comenzamos esta tesis en 2012 no estaba claro au´n cua´l de estas dos tec-
nolog´ıas en competencia ser´ıa la vencedora. En la actualidad, LTE se ha erigido
como la vencedora indiscutible en el amplio campo de aplicacio´n de las redes celu-
lares, mientras que Mobile WiMAX ha quedado reducido a nichos de mercado ma´s
espec´ıficos (aunque enormemente importantes) como la industria de la aviacio´n,
smart grids, o ciertos sistemas de comunicacio´n para compan˜´ıas petrol´ıferas.
Adema´s de la utilizacio´n de OFDM, LTE y Mobile-WiMAX tiene otros aspectos
en comu´n, como la posible integracio´n de te´cnicas AMC (Adaptive modulation and
coding) y MIMO (Multiple-Input and Multiple-Output) para poder proveer conex-
iones ma´s fiables y ra´pidas. Sin embargo, y a pesar de estas similitudes, LTE y
Mobile-WiMAX constituyen soluciones tecnolo´gicas muy complejas que exhiben nu-
merosas diferencias. En particular, un elemento crucial que aumenta la dificultan
tecnolo´gica inherente a ambas se encuentra se encuentra en su flexibilidad en el
sentido de que se dejan abiertos muchos aspectos de configuracio´n para que cada
compan˜´ıa pueda disen˜ar la opcio´n que considere ma´s adecuada. El rendimiento de
estas redes depende pues de la forma en la que se soluciona el problema de opti-
mizacio´n entre la adecuacio´n de los recursos disponibles en cada configuracio´n a los
recursos consumidos por los usuarios.
Dentro de este contexto, el objetivo de esta tesis es estudiar la capacidad definida
como “el nu´mero ma´ximo de usuarios simulta´neos, con diferentes perfiles de servi-
cios, que puede soportar cada nodo de acceso, para cada configuracio´n del sistema”.
Para poder calcular de forma adecuada la capacidad y la tasa binaria (throughput)
se requiere calcular de forma dina´mica la cantidad de recursos disponibles, que, a su
vez, depende de co´mo se forma la correspondiente MAU (minimum allocation unit)
tanto en LTE como en WiMAX. Ambas tecnolog´ıas tambie´n tienen en comu´n que
el co´mputo de e´stos es complejo debido a que parte de los recursos (overhead) tiene
que utilizarse para labores necesarias de sen˜alizacio´n, control o sincronizacio´n.
La validez de los modelos obtenidos se ha probado de forma exitosa en una gran
variedad de configuraciones posibles en ambos tecnolog´ıas.
Extended Abstract
Mobile technologies, which involve not only networks but also devices, services
and applications, are currently one of the main pillars of our globalized economy,
mobile access networks being one of the fastest growing industries of all times.
Specifically, cellular networks are now evolving to broadband networks, helping users
access to their desired data (and to the associated services and applications) at any
time and any place. This is shaping our life style quickly and deeply, and generating
a new need, “the need to be always connected”. The amount of digitally gener-
ated data is increasing every day, along with services that require high transmission
rates. This is causing a very strong pressure on mobile network operators since
users increasingly demand higher and higher bit rates. In response, and benefiting
from liberalized markets (but at the same time, pressured by an increasing com-
petition), technology provider companies are adopting constantly novel advances in
both cellular networks and devices in the e↵ort of improving users’ experience. This
strongly growing market is one of the driving forces that is compelling mobile op-
erators to adapt and upgrade their systems and network infrastructures aiming at
providing faster access, while accommodating higher system availability and cover-
age. As mobile cellular networks evolve, the technologies they are based on, and the
processes of design, planning and implementation of networks get more and more
complex and costly. Unlike traditional cellular networks with only one single user
profile (voice-only), the deployment plans of novel generation mobile networks need
to ensure that the systems are well configured to provide a variety of services with
di↵erent requirements.
The vertiginous evolution that mobile communications have undergone in the
last decade –basically because of the appearance of new access mobile technologies,
novel services and high-tech user devices– has contributed to reach the aforemen-
tioned determining position in global economy. There are several access technologies
for providing broadband services over wireless networks and, in particular, over mo-
bile networks. There exist currently 6440 million subscriptions worldwide using 3rd
Generation Partnership Project (3GPP) mobile networks: Global System for Mo-
bile Communications (GSM) networks, Wide-band Code Division Multiple Access
(WCDMA) networks (also known Third Generation (3G) networks), and Forth Gen-
eration (4G) cellular networks, such as Long Term Evolution (LTE). In the e↵ort of
providing the best customer experience, mobile operators combine these networks to
form a mobile access ecosystem of heterogeneous networks. This term is often used
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to name a global network that consists of several mobile network technologies (GSM,
WCDMA and LTE) covering the same geographical area, and also to describe the
coexistence of di↵erent non-homogenous cells (macrocells, microcells, femtocells) to
guarantee high data rates in small areas with large densities of users.
While WCDMA/High-Speed Packet Access (HSPA) technology is currently the
most used cellular technology, Long Term Evolution (LTE) is the fastest-growing
mobile technology. LTE is able to provide unprecedented very high data rate and
extremely low latency, specially in downlink (DL) at the expense of increasing com-
plexity. High data rate makes LTE very useful not only for conventional users (either
via the LTE cellular network itself or by o✏oading part of tra c to user’s WiFi net-
work) but also for novel applications in machine-to-machine (M2M) communication,
mHealth services, smart grids, or green LTE. This is one of the reasons why LTE
subscriptions have grown at a high rate during Q1 2016, with 150 million new sub-
scriptions during this quarter, reaching a total of 1.2 billion worldwide. During
Q3 2015 LTE had added around 120 million novel subscribers, while WCDMA had
added only 70 million users. Global System for Mobile Communications (GSM) have
even declined by 60 million –in spite of most users of 3G and 4G systems use GSM
and Enhanced Data Rates for GSM Evolution (EDGE) networks as a fallback–.
There are several causes explaining this vertiginous development. On one hand,
user equipment (UE) manufacturers have made public an annual growth in 2015
of about 79%, smartphones being 75% of all users’ devices and the strongest driv-
ing force for the aforementioned fast deployment. On the other hand, Orthogonal
Frequency Division Multiple Access (OFDMA) technique in DL makes LTE able to
support higher data rates than those of HSPA. Thus, LTE acceptance (up to 442
commercial LTE networks in 147 countries) is driven by a strong demand for both
better user experience and faster networks than those provided by HSPA technology.
There are also new users’ behaviors, especially those of teens, who are changing the
TV/video viewing conduct, moving from TVs to streaming video on smartphones.
All these combined factors are fueling an increasing the demand of novel, more data-
intensive services (such as TV, Video on Demand (VoD), gaming, etc.): data tra c
has grown 65% between Q1 2015 and Q1 2016.
Among all the solutions currently in the market, 4G mobile networks are the most
advanced standardized and interoperable solutions for provision of high-speed mobile
data access. LTE and Mobile Worldwide Interoperability for Microwave Access (Mo-
bile WiMAX) are the two state-of-art sets of mobile broadband technologies. When
we began this thesis in 2012, Mobile WiMAX and LTE was the two main technolo-
gies competing for the International Mobile Telecommunications (IMT)-Advanced
initiative, and it was not clear at that moment which of the two technologies would
win and lead the Broadband Mobile Internet. However, at present, LTE is the
undisputed winner for broadband mobile cellular networks, while WiMAX has re-
sulted in being confined to very specific market niches such as aviation industry,
smart grids, smart city, point-to-point long distance or high rate radio transmission
in applications for oil and gas companies.
vBoth LTE and Mobile WiMAX technologies use the Orthogonal Frequency Divi-
sion Multiplexing (OFDM) technique, which is an e cient resource sharing method
to map the users’ data in time and frequency space. They both can integrate
enhancing techniques such as Adaptive Modulation and Coding (AMC) and Mul-
tiple Input Multiple Output (MIMO) to provide higher data-rates and more reli-
able connections. LTE and Mobile-WiMAX are however very complex solutions
that, apart from technological similarities, have many structural and implementa-
tion di↵erences. Additionally, the standards that define these two broadband mobile
approaches contain numerous flexibilities. The configuration choices are left open
for the vendors to find their optimal solution according to their service area. The
performance of these networks is therefore highly dependent on solving the com-
plex design problem of finding the optimized match between the available system
resources and its load. Network planning and optimum design in novel generation
mobile networks are active research line. High-level and, at the same time, accurate
performance modeling are of high value in planning cellular networks, as full scale
dynamic simulations are not a↵ordable in time because of hard complexities for large
planning scenarios.
With this in mind, the main purpose of this thesis is to provide a Performance
Key Indicator (KPI) for 4G broadband mobile technologies, namely capacity, de-
fined as “the maximum number of simultaneous multi-profile users that are jointly
supported with each specific access point, under specific system configuration”. The
key point to accurately estimate the capacity and user’s data throughput is that they
require to dynamically compute the available resources and the minimum allocation
unit (MAU) formation in LTE and Mobile WiMAX systems. Both technologies
have in common the fact that computing properly these MAUs is a very di cult
tasks since part of such resources have to be reserved for a number of necessary
network functionalities such as signaling, control or synchronization (“overhead”,
O), so that the useful user’s data throughput must be computed as the available re-
sources minus those used for overhead. Aiming at carrying out this within a unified
research framework, we have considered in this thesis the following requirements.
Specifically:
1. System Configuration. We have studied in detail the technological features
of LTE and Mobile-WiMAX, considering the di↵erent system configuration
options. We have modeled the available resources for each configuration and
resource formation and allocation types:
  As the number of users increases, the operational system overheads to
keep track of these users also increase. So, apart from the fixed system
overheads and data load consumed by the users, a dynamic overhead
calculation is required to know the remaining resources at each moment.
  The resource allocation mechanisms of the technology under study needs
to be mathematically formulated to obtain the available resources under
each specific configuration and to know to what extent each technology
shares these available resources between its users.
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2. Service Profile. Those users located in the service area may demand di↵er-
ent services, have di↵erent signal reception conditions, and consume di↵erent
amount of system resources. Thus it is necessary for an accurate modeling
to elaborate a “Service Profile” definition to model the user’s condition and
demand.
3. System Capacity. An interactive algorithm is required to compare the system
available resources to the demanded resources aiming at determining whether
or not the resources can meet the new demands when other extra user tries
to enter the system. Regarding this, we have proposed a novel algorithm to
compute the capacity in both LTE and Mobile WiMAX systems. It consists
of two processes that works in parallel, and estimate, respectively, the amount
of real available resources (once those used for PHY+MAC overhead have
been removed, using a system configuration and a user distribution profile)
and the amount of resource consumed, using a service profile. The algorithm
ends in providing the capacity as the maximum number of supported users
(N) fulfilling the condition that the available resources are greater than the
demanded ones.
With these ideas in mind, for the two main technologies competing for the IMT-
Advanced initiative (LTE and Mobile-WiMAX), the twofold purpose of this thesis
consists in:
1. Accurately modeling the useful data throughput. This requires to com-
pute in parallel the available resources –removing those used for overhead–
and the demanded resources by several multi-service users).
2. Accurately modeling the capacity, defined as the maximum number of si-
multaneous multi-service users that a cell is able to support with a given
Quality of Service. As mentioned, capacity is the KPI we have used as a rep-
resentation of the network operational capacity and corresponds to the goodput
(real throughput once overhead has been removed) of the system at full-load.
We have carried out a number of numerical experiments aiming at 1) computing
the useful data throughput and the maximum number of users under a variety of
di↵erent possible configuration sets, and 2) discussing their practical implications.
The proposed models for both useful data throughput and capacity can be used
as the basis for more accurate design, planning and dimensioning of 4G networks,
as well as to better estimate the cost of implementation.
Contents
Resumen i
Extended Abstract iii
List of Figures ix
List of Tables xv
List of Acronyms xvii
1 Motivation and related work 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivation: are mobile operators dying from their success? . . . . . . 4
1.3 Thesis purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2 Exploring the Maximum Number of Simultaneous Multi-service
Users in Mobile WiMAX 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Technical Background . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.1 An overview of Mobile WiMAX frame . . . . . . . . . . . . . 23
2.2.2 The Time Domain in the Frame Structure . . . . . . . . . . . 24
2.2.3 Frequency Domain and Subchannelization in Frame Structure 25
2.2.4 Data Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.5 Resource Allocation . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2.6 Application Classes and Quality of Service . . . . . . . . . . . 29
2.3 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
viii CONTENTS
2.4 Overview of the Proposed Capacity Estimation Algorithm . . . . . . 32
2.5 Dynamic System Resource Calculation . . . . . . . . . . . . . . . . . 35
2.5.1 A model to estimate PHY+MAC overhead the number os use-
ful data symbols (Nsym) . . . . . . . . . . . . . . . . . . . . . 35
2.5.2 Modulation and Coding Schemes Distribution . . . . . . . . . 37
2.6 Service delivery Model and Subscribers Resource Consumption . . . . 39
2.6.1 Data-rate requirements . . . . . . . . . . . . . . . . . . . . . . 40
2.6.2 Application profile and number of active users . . . . . . . . . 41
2.6.3 Subscribers Service Demand Calculation . . . . . . . . . . . . 43
2.7 Experimental work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.7.1 Experiment I . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.7.2 Experiment II . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.8 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 50
3 Overhead, Data Throughput and Capacity in LTE Downlink 51
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.3.1 Throughput and overhead: mathematical approach . . . . . . 57
3.3.2 Additional background . . . . . . . . . . . . . . . . . . . . . . 61
3.4 Overhead mechanisms in Physical Layer for Downlink . . . . . . . . . 67
3.4.1 Overhead mechanisms with period 1 TTI . . . . . . . . . . . . 67
3.4.2 Overhead mechanisms with period 1 frame . . . . . . . . . . . 73
3.5 Total overhead O tTOT . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.6 Overhead and Initial Controlling Symbols . . . . . . . . . . . . . . . 75
3.7 Overhead and maximum number of UEs (with identical NCCE value)
per TTI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.8 Realistic scenario: multiple users with di↵erent services . . . . . . . . 77
3.9 Experimental work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.9.1 Reference case . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.9.2 Exploring the influence of the Hybrid ARQ configuration . . . 84
3.9.3 Influence of MAT and resource allocation types . . . . . . . . 85
3.9.4 Maximum number of UE per TTI, NTTIiUE |MAX . . . . . . . . . 87
3.9.5 Multiple users with di↵erent services . . . . . . . . . . . . . . 90
CONTENTS ix
3.10 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 91
4 Conclusions and Future Work 95
4.1 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 95
4.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
List of Publications 103
References 105
x CONTENTS
List of Figures
1.1 (a) Multiple spatial layer concept. (b) Time-frequency resource struc-
ture (normal cyclic prefix case) and MAU. (c) Example of overhead.
See the main test for further details. . . . . . . . . . . . . . . . . . . 7
1.2 Simplified representation of the OFDMA-TDD frame structure in Mo-
bile WiMAX. The minimal allocation unit in this example is a “slot”
(one sub-channel in frequency dimension and two symbols in the time
dimension –in the PUSC permutation mode–). . . . . . . . . . . . . . 8
1.3 Flowchart of the proposed algorithm to compute system capacity. It
consists of two processes that works in parallel, and estimate, respec-
tively, the amount of real available resources (once those used for
PHY+MAC overhead have been removed, using a system configura-
tion and a service profile) and the amount of resource consumed. n
is an internal variable that accounts for the number of users. The
algorithm ends in providing the capacity as the maximum number of
supported users, N . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 Simplified representation of the OFDMA-TDD Frame structure in
Mobile WiMAX. TTG and RTG stand for “Transmit Transition Gap”
and “Receive Transition Gap”, respectively. . . . . . . . . . . . . . . 23
2.2 OFDMA-TDD Frame structure indicating control messages and re-
source allocation procedure. See the main text for further details. . . 28
2.3 Proposed Capacity Estimation Algorithm. It is formed by two pro-
cesses that works in parallel, and estimates, respectively, the amount
of real available resources (once those used for PHY+MAC overhead
have been removed) and the amount of resource consumed. n is an
internal variable that accounts for the number of users. The algo-
rithm ends in providing the maximum number of supported active
users, N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4 Simple representation of the bandwidth partitioning. Based on this
data-rate requirement classification, the total available bandwidth is
divided into guaranteed and non-guaranteed partitions. See the main
text for further details. . . . . . . . . . . . . . . . . . . . . . . . . . . 40
xii LIST OF FIGURES
2.5 Dynamic trend of the algorithm in Experiment I: DL optimal goodput
(green curve) and minimum service-load (red curve), both in kbps, as
a function of the number of users to be served. . . . . . . . . . . . . . 46
2.6 (a) Number of overhead symbols as a function of the number of active
users to be served. (b) Number of overhead unallocated slots as a
function of the number of active users to be served. . . . . . . . . . . 47
2.7 Resource consumption and available resources (kbps), in both “Case
1” and “Case 2”, as a function of the number of supported users
(Experiment II). See the main text for further details. . . . . . . . . . 49
3.1 (a) Multiple spatial layer concept. (b) Time-frequency resource struc-
ture (normal cyclic prefix case). (c) Example of overhead. See the
main text for further details. . . . . . . . . . . . . . . . . . . . . . . . 53
3.2 Simplified representation of an example of the Resource Allocation
Types when BW= 5 MHz. See the main text for further details. . . . 63
3.3 Simplified representation of Physical Channel Processing. See the
main text for further details. . . . . . . . . . . . . . . . . . . . . . . . 64
3.4 Data and Controling Symbols in Downlink TTI visualization, repre-
senting the PDCCH, PHICH, PCFICH, and RS signals, and consid-
ering the REG and CCE grouping conceptrs . . . . . . . . . . . . . . 68
3.5 Summary of steps to compute OTTI, NiUEPDCCH . . . . . . . . . . . . . . . . . 72
3.6 Total overhead O tTOT (RE) as a function of BW (MHz). Blue ⇤-
symbols represent OframeTOT , while red  -symbols show the overhead at
TTI scale, OTTITOT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.7  O tTOT(%) as a function of the bandwidth BW (MHz). Blue square
symbols (⇤) represent  OframeTOT , while red circular symbols ( ) rep-
resent  OTTITOT. Black ⌃ symbol and F correspond to those overhead
estimated in [72] and [66], respectively. . . . . . . . . . . . . . . . . . 80
3.8 (a) Percentage of each overhead component  OTTIcomp i(%) with respect
to the total overhead at TTI scale OTTITOTAL, as a function of BW
(MHz). (b) Percentage of each overhead component  Oframecomp i(%)
with respect to the total overhead at frame scale OframeTOTAL, as a func-
tion of BW (MHz). The inset defines the symbols used for any com-
ponent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.9 (a) Data throughput T (Mbps) as a function of BW (MHz) computed
by using the parameter values listed in Table 3.10 and the overhead
values shown in Figure 3.7. Red columns represent the through-
put computed during 1 TTI, T TTITOT, while blue columns represent the
throughput computed during 1 frame, T frameTOT . (b) Relative error in
throughput estimation, "TTOT(%) (Expression 3.46), as a function of
BW (MHz). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
LIST OF FIGURES xiii
3.10 (a) Throughput (Mbps) as a function of BW (MHz) parametrized
by Ng = 1/6, 1/2, 1, 2, respectively. (b) Throughput relative error
"Ng(%) defined in Expression 3.47. . . . . . . . . . . . . . . . . . . . . 85
3.11 Lower bound (Ng = 2) of the peak data rate (Mbps) as a function
of BW (MHz), parametrized by n and q: 1) SISO, with n = 1 and
q = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4)
4⇥ 4 MIMO with q = 0. 5) 4⇥ 4 MIMO with q = 1. . . . . . . . . . 87
3.12 Overhead percentage (%), with respect to the total REs, as a function
of BW, for n = 4 (a), n = 2 (b), and n = 1 (c). . . . . . . . . . . . . . 88
3.13 Maximum number of users per TTI, parametrized byNg = 1/6, 1/2, 1, 2,
as a function of BW for di↵erent configurations: SISO (a); 2⇥2 MIMO
with q = 0 (b) and q = 1 (c); 4⇥4 MIMO with q = 0 (d) and q = 1 (e). 89
3.14 (a) Throughput T (Mbps) of each of the ten users whose DL con-
ditions have been listed in Table 3.12. Blue columns represent each
user’s Tj when wj = 0.1, while red columns show Tj when coe -
cients wj are adjusted aiming at equalize each users’ Tj (mean value
= 6.927336 Mbps, variance = 998 bps). (b) Corresponding number of
RBs that each user UEj receives during TTIi, N
UEj
RB (see Expression
(3.6)) when coe cients wj are adjusted aiming at equalizing Tj. . . . 91
xiv LIST OF FIGURES
List of Tables
2.1 List of acronyms used in this chapter. . . . . . . . . . . . . . . . . . . 22
2.2 Summary of SOFDMA PHY parameters in PUSC mode as a function
of the bandwidth BW. SC means subcarrier. . . . . . . . . . . . . . . 26
2.3 Block-size (bits) as a function of the Modulation and Coding Scheme
(MCS) in PUSC (Partially Used SubCarrier) permutation mode. . . 27
2.4 Relation of each QoS data-rate specification with its corresponding
application and service flow category in Mobile WiMAX [147]. . . . . 41
2.5 Service Delivery Model. Value of the di↵erent parameters used in the
applied profiles as a function of the application class. . . . . . . . . . 43
2.6 Input Parameters of Experiment I. The “system parameters” are the
default values recommended by WiMAX Forum system evaluation
methodology and also are the common values used in practice. The
“subscription service parameters” are based on the statistical data,
as explained in the presented application profile. . . . . . . . . . . . . 45
2.7 Estimated capacity for di↵erent system parameters. The subscriber
service parameters are the same as those listed in Table 2.6 and MCS
distribution is the one in Table 2.3. “Gua.” stands for guaranteed. . 49
3.1 List of acronyms used in this paper. . . . . . . . . . . . . . . . . . . . 55
3.2 E↵ective Code Rate values used in LTE (labeled ECRMCS) as a func-
tion of the Channel Quality Indicator (CQI). MCS stands for Modu-
lation and Coding Scheme. Q is the modulation order. Information
extracted from [149]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.3 Number of resource blocks (NRB) and Resource Block Groups size
(P ) as a function of LTE bandwidth (BW) [157]. . . . . . . . . . . . 61
xvi LIST OF TABLES
3.4 Summary of layer mapping cases for spatial multiplexing in a con-
figuration with up to 4⇥4 MIMO, derived from [159]. It provides
factor ⌦max as a function of the layer mapping used, depending on
the number of layers N . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5 Downlink Resource Allocation Types (Type 0, Type 1, and Type 2),
and the description of the DCI formats fDCI. Open-loop MIMO does
not require knowledge of the channel at the transmitter. Derived
from [158]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.6 PDCCH Construction Parameters [159]: NCCE, NREG, and PDCCH
Format as a function of the LPDCCH interval. See [14] for further details. 70
3.7 Expressions to compute the DCI length (LDCI [bits]) as a function of
the downlink scheduling type [14]. The values of a, b, and c, used for
indicating the number of transmission antennae are listed in Table
3.8. Table 3.5 describes the DCI formats. . . . . . . . . . . . . . . . 70
3.8 Values of parameters a, b, and c to be used in Table 3.7. . . . . . . . 70
3.9 Number of PHICH groups as a function of BW and Ng. Information
obtained from 3GPP TS 36.211 [162]. . . . . . . . . . . . . . . . . . . 72
3.10 Values of the parameters that minimize the total overhead in the
reference study case. See Table 3.5 for further details. . . . . . . . . . 79
3.11 Comparison of LTE maximum data-rate in DL with highest fixed
values for: bandwidth (BW = 20 MHz); MCS order (64 QAM with
Q = 1); deployed spacial multiplexing (MIMO 4 ⇥ 4), and variable
values for overhead, ECR, ⌦, and  t. . . . . . . . . . . . . . . . . . . 84
3.12 Values of the parameters involved in the multi-user scenario simu-
lated. ID means identifier. MAT stands for Multiple Antenna Tech-
nology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
List of Acronyms
2G: Second Generation
3G: Third Generation
3GPP: 3rd Generation Partnership Project
4G: Forth Generation
5G: Fifth Generation
AMC: Adaptive Modulation and Coding
ARPU: Average Revenue Per User
ARQ: Automatic Repeat Request
BE: Best E↵ort
BLER: Block Error Rate
BS: Base Station
BW: Bandwidth
C-RNTI: Cell’s Radio Network Temporary Identifier
CAGR: Compound Annual Growth Rate
CAPEX: Capital Expenditure
CBR: Constant Bit Rate
CC: Convolutional Coding
CDMA: Code Division Multiple Access
CID: Channel Identifier
CQI: Channel Quality Indicator
CR: Contention Ratio
CRB: Contiguously allocated Resource Blocks
CRC: Cyclic Redundancy Check
CTC: Convolutional Turbo Coding
DCD: Downlink Channel Descriptor
DCI: Downlink Control Information
xviii
DL: Downlink
DU: Dense Urban clutter
ECR: E↵ective Code Rate
EDGE: Enhanced Data Rates for GSM Evolution
eNB: Evolved Node B
ErtPS: Extended Real-time Polling Service
FDD: Frequency Division Duplex
FEC: Forward Error Correction
GDP: Gross Domestic Product
Gpbs: Gigabits per second
GSA: Global Supplier Association
GSM: Global System for Mobile Communications
HARQ: Hybrid Automatic Repeat Request
HSDPA: High-Speed Downlink Packet Access
HSPA: High Speed Packet Access
HSUPA: High Speed Uplink Packet Access
ICT: Information and Communications Technology
IE: Information Element
IMS: IP Multimedia Subsystem
IMT: International Mobile Telecommunications (IMT)-Advanced initiative
IoT: Internet of Things
IP: Internet Protocol
ISP: Internet Service Provider
ITU: International Telecommunication Union
LTE: Long-Term Evolution
M2M: machine-to-machine
MAC: Media Access Control sub-level
MAT: Multiple Antenna Technology
MAU: minimum allocation unit
MB: MegaByte
MBB: Mobile Broadband
Mbps: Megabits per second
MCS: Modulation and Coding Scheme
xix
MHz: Megahertz
MIMO: Multiple Input Multiple Output
MS: Mobile Station
MSS: mobile subscriber stations
MTC: Machine-Type Communication
NFV: Network Function Virtualization
nrtPS: Non Real-time Polling Service
OFDMA: Orthogonal Frequency-Division Multiple Access
OPEX: Operational Expenditure
OS: Operating System
PCFICH: Physical Control Format Indicator Channel
PDCCH: Physical Downlink Control Channel
PDSCH: Physical Downlink Shared Channels
PDU: Protocol Data Unit
PHICH: Physical Hybrid-ARQ Indicator Channel
PHY: Physical level
PLM: Propagation Loss Margin
PM: Propagation model
PMP: Point to Multiple Point
PRB: Physical Resource Block
PUSC: Partially Used SubCarrier permutation mode
QAM: Quadrature Amplitude Modulation
QoS: Quality of Service
QPSK: Quadrature phase-shift keying
R: Rural clutter
RAN: Radio Access Network
RB: Resource Block
RBG: Resource Block Group
RCS: Rich Communication Services
RE: Resource Element
ROHC: Robust Header Compression
RRC: Radio Resource Control
RRM: Radio Resource Management
xx
RS: Reference Signal
RTG: Receive Transition Gap
RTP: Real-time Transport Protocol
rtPS: Real-time Polling Service
RTT: Round Trip Time
SC: Sub-carrier
SDU: Service Data Unit
SISO: Single-Input and Single-Output
SNIR: Signal to Noise plus Interference Ratio
SOFDMA: Scalable Orthogonal Frequency Division Multiple Access
SS: Synchronization Signal
TB: Transport Block
TBS: Transport Block Size
TCP: Transmission Control Protocol
TD-SCDMA: Time Division-Synchronous Code
TDD: Time Division Duplex
TTG: Transmit Transition Gap
TTI: Transmission Time Interval
TxD: Transmit Diversity
U: Urban clutter
UCD: Uplink Channel Descriptor
UDP: User Datagram Protocol
UE: User Equipment
UGS: Unsolicited Grant Service
UL: Uplink
VBR: Variable Bit Rate
VoD: Video on Demand
VoIP: Voice over IP
VoLTE: Voice over LTE
VRB: Virtual Resource Block
WCDMA: Wideband Code Division Multiple Access
WiMAX: Worldwide interoperability for microwave access
WRC: World Radio-communication Conference
Chapter 1
Motivation and related work
1.1 Introduction
Mobile technologies are undoubtedly one of the fastest growing industries of all
times, and are currently one of the main pillars of worldwide economy. The constant
evolution that mobile communications have undergone in the last decades –basically
because of the appearance of new access cellular technologies, novel services and
novel devices– has contributed to reach this position in global economy [1–4]. The
mobile industry (networks + devices) is one of the main driving forces of economic
growth, entrepreneurship and prosperity worldwide. It currently generates about
4% of global Gross Domestic Product (GDP), and directly employs about 13 million
people, 15 million employees being expected by 2020 [2]. The contribution of mobile
industry to the world’s GDP is expected to grow at a faster rate than that of the rest
of the economy, contributing approximately 4.2% by the end of 2020. These figures
illustrate the key impact of mobile industry on economic productivity, although
does not include other wider intangible socio-economic e↵ects in the “Networked
Society” [4] (for instance, those deep changes in our life style produced by “the need
to be always connected”).
Specifically, mobile industry is one of the driving forces of the new “digital econ-
omy”. It is fueling innovation in online commerce, mobile money services, digital
contents, social networks, etc. Such a “mobile ecosystem” is the cornerstone of
the novel economy based on mobile broadband networks, advanced tablets, smart-
phones, laptops, and a growing variety of other connected devices. In this respect,
the number of machine-to-machine (M2M) connections is expected to reach 1 bil-
lion by 2020 [2]. Both governments and companies are beginning to realize the
huge changing potential of the Internet of Things (IoT) [5, 6], with an increasing
number of devices, services and applications such as, for example, wearables and
smart cities [7–9]. IoT is expected to overcome mobile phones as the largest class
of connected devices in 2018 [1]. Between 2015 and 2021, IoT is expected to boost
at a Compounded Annual Growth Rate (CAGR) of about 23 %, reaching by 2021
almost 16 billion of the total predicted 28 billion connected devices.
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Additionally, from a social viewpoint, mobile technologies have also the poten-
tial to put into practice cost e↵ective solutions to a number of social challenges
by facilitating the access to healthcare and education. In particular, these are key
challenges in developing countries, where large parts of the population are living in
inaccessible rural areas, and in which there are limited funding from government to
support healthcare and education social services. In this respect, both mobile net-
works and related services are producing social benefits by improving social cohesion,
education, healthcare, and financial inclusion [2, 3].
From a technology viewpoint, the world is currently facing a very quick tech-
nology migration to higher mobile broadband networks, smartphones and other
connected devices. According to [2], mobile broadband connections will account for
about 70% of global mobile connections by 2020, up from just under 40% at the end
of 2014. Smartphone adoption is now reaching critical mass in developed markets,
accounting for approximately 60% of devices. Emergent developing counties –fueled
by the increased non-expensive accessibility of smart devices– are expected to gen-
erate most of the future growth, by adding more than 2.9 billion smartphone users
by 2020 [2, 3].
Specifically, with regard to networks, there are several access technologies for
providing broadband services over cellular networks. According to the Global mo-
bile Suppliers Association (GSA) there are currently over 6450 million subscriptions
worldwide using 3rd Generation Partnership Project (3GPP) mobile networks [10]:
Global System for Mobile Communications (GSM) networks, Wide-band Code Di-
vision Multiple Access (WCDMA) networks (also known Third Generation (3G)
networks), and Forth Generation (4G) cellular networks [10–12], such as Long Term
Evolution (LTE) [13, 14]. In the e↵ort of providing the best customer experience,
mobile operators combine these networks to form a mobile access “ecosystem of
Heterogeneous Networks”. The term Heterogeneous Network (HetNet) [15] is often
used to name a global network that consists of several mobile network technologies
(GSM, WCDMA and LTE) covering the same geographical area [16], and also to
describe the coexistence of di↵erent non-homogenous cells (macrocells, microcells,
femtocells [17–19]) to guarantee high data rates in small areas with large densities
of users.
Mobile subscriptions worldwide are getting larger around 3% year-on-year (Q1
2016, compared to the value measured exactly a year earlier), and have reached 7.4
billion. In particular, India grew the most during Q1 2016 (+21 million), followed
by Indonesia (+5 million), the US (+3 million) and Pakistan (+3 million). Mo-
bile broadband subscriptions –High Speed Packet Access (HSPA), LTE, and Mobile
Worldwide Interoperability for Microwave Access (WiMAX)– are rising by around
20 % year-on-year, increasing by approximately 140 million in Q1 2016 alone [1].
Within this mobile ecosystem, HSPA, based onWCDMA, is the most widely used
deployed mobile broadband technology in the world. WCDMA/HSPA continues to
undergo a significant growth worldwide [1]. In fact, HSPA is not a unique technology,
but a set of technologies that allow mobile operators to easily upgrade their already
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deployed WCDMA networks to support a very e cient provision of speech services
and mobile broadband data services (high speed Internet access, music-on-demand,
and TV and video streaming, to name just a few). Currently, 83% of mobile opera-
tors worldwide are investing and upgrading their WCDMA-based 3G networks [20]
and have 1830 million WCDMA subscribers [10]. WCDMA/HSPA technology is
expected to cover 90 percent of the world’s population by 2020, serving about 3.8
billion subscribers [3]. WCDMA/HSPA added around 30 million during Q1 2016 [1].
These figures illustrate the importance of properly planning and dimensioning HSPA
networks [21].
While WCDMA/HSPA technology is currently the most used cellular technol-
ogy, LTE is the fastest-growing mobile technology [3, 22]. LTE is able to provide
unprecedented very high data rate and extremely low latency, specially in downlink
(DL) at the expense of increasing complexity [23–26]. High data rate makes LTE
very useful not only for conventional users [3] (either via the LTE cellular network
itself or by o✏oading part of tra c to user’s WiFi network [27]) but also for novel
applications in M2M communications [28], mHealth services [29], smart grids [30],
or green LTE [31,32], even when potentially deployed in TV white spaces [33].
LTE subscriptions have grown at a high rate during Q1 2016, with 150 million
new subscriptions during this quarter, reaching a total of 1.2 billion worldwide.
Smartphones subscriptions go also on increasing, and are expected to overcome
those related to basic phones in Q3 2016 [1]. During Q3 2015 LTE had already
added around 120 million novel subscribers, while WCDMA [12] had added only
70 million users, and even Global System for Mobile Communications (GSM) had
declined by 60 million [3] –in spite of most users of Third and Four Generation (3G,
4G) use GSM and Enhanced Data Rates for GSM Evolution (EDGE) networks as
a fallback [3]–.
There are several causes explaining this vertiginous development. On one hand,
user equipment (UE) manufacturers have made public an annual growth in 2015
of 79%, smartphones being 75% of all UEs and the strongest driving force for the
aforementioned fast deployment. On the other hand, Orthogonal Frequency Division
Multiple Access (OFDMA) technique in DL [34, 35] makes LTE able to support
higher data rates than those of High-Speed Packet Access (HSPA) [36, 37]. Thus,
LTE acceptance (up to 494 commercial LTE networks in 157 countries [1]) is driven
by a strong demand for both better user experience and faster networks than those
provided by HSPA technology [13]. There are also new users’ behaviors, especially
those corresponding to teens, who are changing the TV/video viewing behavior,
moving from traditional TVs to streaming video on smartphones [1].
All these combined factors are fueling an increasing demand of novel, more data-
intensive services (such as TV, Video on Demand (VoD), gaming, video communi-
cation, etc.): data tra c has grown 60% between Q1 2015 and Q1 2016 [1]. This
growth in mobile data tra c is caused by both the rising number of smartphones
(in particular, LTE smartphones) and the rising data consumption per user. Fur-
thermore, according to [1], the CAGR in 2015-2021 is expected to grow annually, by
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application category, in 55% (video), 41% (social networking), 37% (software down-
load), 25% (web browsing) and 19% (in file sharing). The strong trend in video
growth is strengthened by the increasing use of embedded video in social media and
web pages, which are considered as video tra c in this context [1].
The negative counterpart of the superior performance of LTE when compared to
other mobile technologies is its highest complexity, which makes much more di cult
its modeling, dimensioning [26,38] and planning [39–41], demanding new simulation
and evaluation tools [42] along with novel algorithms for resource allocation [43] and
handover in LTE macrocell-femtocell networks [44], to name a few.
There is another negative element for mobile operators: users’ demand for IP-
based communications services such as Skype, WhatsApp or Facebook Messenger
are becoming increasingly very popular, but these do not provide almost any benefit
to operators. These services are expected to gain even more impulse with the growth
of LTE networks and novel smart devices. This is one of the reasons why mobile
operators worldwide have to consider which type of over-the-top integration models
will allow them to reach revenue and sustain their business models in the long
term. This is a key factor because revenues from more conventional services are
under pressure, and operators have significant investment obligations as they deploy
LTE networks. This along with competitive and regulatory di culties have led to a
slowdown in operators revenue growth.
1.2 Motivation: are mobile operators dying from
their success?
All the technological innovation presented in Section 1.1 has led to the aforemen-
tioned set of thriving business related to mobile networks. Specifically, the market
penetration of the di↵erent mobile technologies and services had been continuously
growing since they were massively introduced at the beginning of the 1990’s, leading
to the corresponding accelerated growth of the revenues of Mobile Network Oper-
ators (MNO). The aforementioned technological context described in the previous
section is currently influenced by: 1) a strong competition between operators, 2)
the introduction of over-the-top services that do not generate significant operator’s
revenues, and 3) some consequences of the 2008 economical crisis, which will be
described later on.
Powered by the emergent variety of novel smart devices, applications and ser-
vices, data tra c is growing vertiginously, and is expected to undergo an almost
ten-fold increase by 2020 [2]. However, the revenues of mobile operators are not
growing at the same rate as they used to a few years ago. The consequences of
the 2008 economic and financial crisis along with both competitive and regulatory
di culties have led to a deceleration of revenue growth [45–48]. In particular, the
investment on new network infrastructures reduced dramatically [49] in the period
2008-2012. In Spain, investment dropped from 2,439Me in 2007 to 1,575Me in 2012
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(35% reduction) [50].
These causes have compelled networks operators to start a trend that aims at
exploiting the existing network infrastructures as much as possible, in the e↵ort of
using the deployed networks in the most e cient way [51], implementing a variety of
services such as voice, best e↵ort data, streaming, and multicast techniques [52, 53]
on their networks.
Fortunately, after cutting investment during the peak of the financial crisis in
2009 and 2010, capital expenditure (CAPEX) has started to rise in the e↵ort of
deploying mobile broadband networks, as a response to the ever increasing users’
demand for higher data rates. However, revenue growth is expected to slow further
over the coming years, with a CAGR of 3.1%, lower than 4% in the period 2008-
2014 [2].
Governments, companies, entrepreneurs, and the whole society can benefit sig-
nificantly from advanced mobile technologies, but only in the case in which mobile
operators are able to upgrade their existing networks and deploy new networks. Mo-
bile operators need to construct a sustainable business model for new investment,
which will persuade investors to provide the required funding.
This implies to optimize the dimensioning of the radio access network resources.
A proper dimensioning should alining at: 1) accurately computing the data through-
put (to satisfy users’ demand for ever increasing bit rates), and 2) estimating the
maximum number of simultaneous multi-service users that a cell is able to support
with a given Quality of Service (QoS). This twofold aim is the main purpose of this
thesis.
1.3 Thesis purpose
When we began this thesis in 2012 there were two main technologies competing
for the International Mobile Telecommunications (IMT)-Advanced initiative, LTE
and WiMAX [54, 55], and it was not clear at that moment which of the two would
win and lead the Broadband Mobile Internet [56].
Both LTE and Mobile WiMAX standards use a number of common technologies
with subtle di↵erences [57–63]. The main common technology is OFDMA [57]. In
WiMAX, OFDMA is used on both the downlink and the uplink, whereas in LTE it is
only used on the downlink. The technology used in the uplink of LTE, single-carrier
frequency division multiple access (SCFDMA), is nothing but a simple modification
of OFDMA [57]. There are some important reasons for using OFDMA such as the
scalability of operation in di↵erent bandwidths, the ability to reduce multi-path
problems, the ability to handle di↵erent data rates, and the the easy combination
with Multiple Input Multiple Output (MIMO) antenna techniques [60]. Both LTE
and Mobile WiMAX can integrate enhancement techniques such as Adaptive Modu-
lation and Coding (AMC) and MIMO to provide higher data-rates and more better
communications [54, 60].
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LTE and Mobile-WiMAX are very complex solutions [57–63] which, apart from
the technological similarities mentioned before, have many structural and implemen-
tation di↵erences (see [57,60,61]). Additionally, the standards that define these two
broadband mobile solutions contain many configuration flexibilities. Such configura-
tion choices have been left open for vendors to find their optimal solutions according
to their service area. The performance of these networks is therefore highly depen-
dent on solving this complex optimization problem, i.e. system vs. load. The
network optimum planning and design in both LTE and Mobile WiMAX networks
is an active research line, as will be shown in Section 1.4. High-level and, at the
same time, accurate performance modeling are of high value in planning broadband
cellular networks since full scale dynamic simulations are not a↵ordable because of
their complexity and computational time required for large planning scenarios.
Within this context, Figures 1.1 and 1.2 will assist us in introducing the purpose
of this thesis in a more technical way. They aim at illustrating the concepts of re-
source formation and minimum allocation unit (MAU) in LTE and Mobile WiMAX.
On one hand, Figure 1.1 consists of three subfigures. Figure 1.1 (a) aims at
illustrating the fact that the DL transmission resources in LTE exhibits dimensions
of time, frequency and space. This latter, measured in “layers”, is used by means of
Multiple Antenna Technology (MAT), which involves several multi-antenna trans-
mission and reception schemes (for instant, MIMO). Figure 1.1 (b) focuses only
on one of such layers, and represents, in a simplified way, how OFDMA is used in
the LTE DL, in the particular case of Frequency Division Multiple Access (FDD)
and normal cyclic prefix. As illustrated, the basic unit for data transmission, called
Physical Resource Block (PRB) or simply Resource Block (RB), is a two-dimensional
(time, frequency) object in a grid. In time dimension, an RB last 0.5 ms, the length
of 1 slot. Two slots form an 1-ms length subframe. A subframe is the smallest
time interval in which LTE can assign RBs to UEs (or simply, users), and is called
Transmission Time Interval (TTI). In the frequency dimension, an RB consists of 12
orthogonal subcarriers (SCs) assigned to an UE during one time slot, which in turn
consists of a number of 7 OFDM symbols. The MAU is formed, as illustrated, by 2
RBs in 1 TTI. Furthermore, the smallest information unit is the one carried by 1 SC
during 1 time symbol (TS), and is called Resource Element (RE). Most of the REs
–white REs in Figure 1.1 (c)– are used to transmit user data on specialized physical
channels such as Physical Downlink Shared Channels (PDSCHs). The rest of the
REs, a reduced number of them, have to be reserved for a number of necessary net-
work functionalities such as signaling, control or synchronization [30,64–67] at both
the Physical (PHY) level and Media Access Control (MAC) sub-level. These REs
are “overhead” (O) REs. Although it will be explained in detail later on, controlling
the physical channels is motivated, for instance, by the need to decide, depending on
user’s Channel Quality Indicator (CQI), the Modulation and Coding Scheme (MCS)
to be applied on each user’s REs. Other overhead REs have to be reserved for Refer-
ence Signals (RSs) (dashed grey REs) –which transport some signaling information–
and Synchronization Signals (SSs). The later has not been represented in Figure 1.1
(c) since, unlike the others, are not computed at TTI scale, but at frame scale.
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tency, specially in downlink (DL). This makes LTE very useful not only for
conventional users [1] but also for novel applications in machine-to-machine
communication [3], mHealth services [4], smart grids [5], or green LTE [6, 7],
even when potentially deployed in TV white spaces [8]. During Q3 2015 LTE
has added around 120 million novel subscribers, while Wide-band Code Di-
vision Multiple Access (WCDMA) [9] have added only 70 million users, and
even Global System for Mobile Communications (GSM) have declined by 60
million [1] –in spite of most users of Third and Four Generation (3G, 4G)
use GSM and Enhanced Data Rates for GSM Evolution (EDGE) networks
as a fallback [1]–. There are several causes explaining this vertiginous devel-
opment. On the one hand, user equipment (UE) manufacturers have made
public an annual growth in 2015 of 79%, smartphones being 75% of all UEs
and the strongest driving force for the aforementioned fast deployment. On
the other hand, Orthogonal Frequency Division Multiple Access (OFDMA)
technique in DL [10, 11] makes LTE able to support higher data rates than
those of High-Speed Packet Access (HSPA) [12, 13]. Thus, LTE acceptance
(up to 442 commercial LTE networks in 147 countries [1]) is driven by a
strong demand for both better user experience and faster networks than
those provided by HSPA technology [14]. All these combined factors are fu-
eling an increasing demand of novel, more data-intensive services (such as
TV, Video on Demand (VoD), gaming, etc.): data tra c has grown 65%
between Q3 2014 and Q3 2015 [1]. The negative counterpart of the superior
performance of LTE when compared to other mobile technologies is its high-
est complexity, which makes more complex its modeling, dimensioning [15]
and planning [16, 17, 18], demanding new simulation and evaluation tools
[19] along with novel algorithms for resource allocation [20] and handover in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in introducing the purpose
of this paper and in motivating its structure. It consists of three subfigures.
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In this work we will use some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
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communication [3], mHealth services [4], smart grids [5], or green LTE [6, 7],
even when potentially deployed in TV white spaces [8]. During Q3 2015 LTE
has added around 120 million novel subscribers, while Wide-band Code Di-
vision Multiple Access (WCDMA) [9] have added only 70 million users, and
even Global System for Mobile Communications (GSM) have declined by 60
million [1] –in spite of most users of Third and Four Generation (3G, 4G)
use GSM and Enhanced Data Rates for GSM Evolution (EDGE) networks
as a fallback [1]–. There are several causes explaining this vertiginous devel-
opment. On the one hand, user equipment (UE) manufacturers have made
public an annual growth in 2015 of 79%, smartphones being 75% of all UEs
and the strongest driving force for the aforementioned fast deployment. On
the other hand, Orthogonal Frequency Division Multiple Access (OFDMA)
technique in DL [10, 11] makes LTE able to support higher data rates than
those of High-Speed Packet Access (HSPA) [12, 13]. Thus, LTE acceptance
(up to 442 commercial LTE networks in 147 countries [1]) is driven by a
strong demand for both better user experience and faster networks than
those provided by HSPA technology [14]. All these combined factors are fu-
eling an increasing demand of novel, more data-intensive services (such as
TV, Video on Demand (VoD), gaming, etc.): data tra c has grown 65%
between Q3 2014 and Q3 2015 [1]. The negative counterpart of the superior
performance of LTE when compared to other mobile technologies is its high-
est complexity, which makes more complex its odeling, dimensioning [15]
and planning [16, 17, 18], demanding new simulation and evaluation tools
[19] along with novel algorithms for resource allocation [20] and handover in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in introducing the purpose
of this paper and in motivating its structure. It consists of three subfigures.
Figure 1 (a) aims at illustrating the fact that the DL transmission resources in
LTE exhibits dimensions of time, frequency and space. This latter, measured
in “layers”, is used by means of multi-antenna transmission and reception
schemes.
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deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
In this work we will use some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
3
tency pecially in dow link (DL). This makes LTE very useful not only for
onventional users [1] bu ls for ovel applications in machine-to-machine
commun cation [3], mHealth ervices [4], smart grids [5], or green LTE [6, 7],
eve when potentially deployed in TV white spaces [8]. During Q3 2015 LTE
has added around 120 million novel subscribers, while Wide-band Code Di-
visi n Multiple Acc (WCDMA) [9] have added only 70 million users, and
even Global System for Mobile Communications (GSM) have declined by 60
million [1] –in spite of most users of Third and Four Generation (3G, 4G)
use GSM and Enh nc d Data Rates for GSM Evolution (EDGE) networks
as fallback [1]–. There a e several causes explaining this vertiginous devel-
opm t. On the on h nd, user equipment (UE) manufacturers have made
public an annual growth in 2015 of 79%, smartphones being 75% of all UEs
and th trongest driving force for the aforementioned fast deployment. On
the other hand, Orthogonal Frequency Division Multiple Access (OFDMA)
techniqu in DL [10, 11 makes LTE able to support higher data rates than
those f High-Speed Packet Access (HSPA) [12, 13]. Thus, LTE acceptance
(up to 442 commercial LTE n two ks in 147 countries [1]) is driven by a
strong d mand for both better user xperience and faster networks than
those provided by HSPA technol gy [14]. All these combined factors are fu-
ling an i creasing demand of novel, more data-intensive services (such as
TV, Video on Demand (VoD), gaming, etc.): data tra c has grown 65%
between Q3 2014 and Q3 2015 [1]. The negative counterpart of the superior
performance of LTE when compared to other mobile technologies is its high-
est complexity, which makes more complex its modeling, dimensioning [15]
and planning [16, 17, 18], demanding new si ulation and evaluation tools
[19] along with novel algorithms for resource allocation [20] and handover in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in introducing the purpose
of this paper and in motivating its structure. It consists of three subfigures.
Figure 1 (a) aims at illustrating the fact that the DL transmission resources in
LTE xhibits dimensions of time, frequency and space. This latter, measured
in “layers”, is used by means of multi-antenna transmission and reception
schemes.
Multiple spatial layers
time
frequency
space
1 frame
2
tency, specially in downlink (DL). This makes LTE very useful not only for
conventional users [1] but also for novel applications in machine-to-machine
communication [3], mHealth services [4], smart grids [5], or green LTE [6, 7],
even when potentially deployed in TV white spaces [8]. During Q3 2015 LTE
has added around 120 million novel subscribers, while Wide-band Code Di-
vision Multiple Access (WCDMA) [9] have added only 70 million users, and
even Global System for Mobile Communications (GSM) have declined by 60
million [1] –in spite of ost users of Third and Four Generation (3G, 4G)
use GSM and Enhanced Data Rates for GSM Evolution (EDGE) networks
as a fallback [1]–. There are several causes explaining this vertiginous devel-
opment. On the one hand, user equipment (UE) manufacturers have made
public an annual growth in 2015 of 79%, smartphones being 75% of all UEs
and the strongest driving force for the aforementioned fast deployment. On
the other hand, Orthogonal Frequency Division Multiple Access (OFDMA)
technique in DL [10, 11] makes LTE able to support higher data rates than
those of High-Speed Packet Access (HSPA) [12, 13]. Thus, LTE acceptance
(up to 442 commercial LTE networks in 147 countries [1]) is driven by a
strong demand for both better user experience and faster networks than
those provided by HSPA technology [14]. All these combined factors are fu-
eling an increasing demand of novel, more data-intensive services (such as
TV, Video on Demand (VoD), gaming, etc.): data tra c has grown 65%
between Q3 2014 and Q3 2015 [1]. The negative counterpart of the superior
performance of LTE when co pared to other mobile technologies is its high-
est complexity, which makes more complex its modeling, dimensioning [15]
and planning [16, 17, 18], demanding new simulation and evaluation tools
[19] along with novel algorithms for resource allocation [20] and handover in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in introducing the purpose
of this paper and in motivating its structure. It consists of three subfigures.
Figure 1 (a) aims at illustrating the fact that the DL transmission resources in
LTE exhibits dimensions of time, frequency and space. This latter, measured
in “layers”, is used by eans of multi-antenna transmission and reception
schemes.
Multiple spatial layers
time
frequency
space
1 frame
2
te cy, spe ially in downlink (DL). This makes LTE very useful t only for
conventional users [1] but also for novel applications in machine-to-machine
co mu ication [3], mHealth servic s [4], grids [5], or gre n LTE [6, 7],
even when pot ntially depl yed in TV whit spaces [8]. During Q3 2015 LTE
as dd d round 20 million nov l subscri rs, while Wide-band Code Di-
vision Multiple A cess (WCDMA) [9] have adde o ly 70 millio us rs, and
even Gl bal System for Mobile Communications (GSM) have declin d by 60
million [1] –in spite of most us rs of Third and F ur Generation (3G, 4G)
use GSM and Enhanced Data Rat s for GSM Evolution (EDGE) n tworks
as a fallback [1]–. There are sev al a ses xplaining this vertiginous devel-
opment. On the on hand, user equip nt (UE) manufactu ers have made
public an an ual gr w h in 2015 of 79%, artphones being 75% f ll UEs
and the stro est driving force for t forem n i ned fast deployment. On
the other hand, O thogonal Frequency Division Multiple A ces (OFDMA)
technique in DL [10, 11] makes LTE able to support i her data rates than
th se of High-Speed Packet Acc ss (HSPA) [12, 13]. Thus, LTE accep ance
(up 442 commercial LTE netw k in 147 countries [1]) is driven by a
ong demand for both be ter user experie ce nd faster networks than
th se provided by HSPA technology [14]. All these combined factors are fu-
eling an increasing demand of ovel, more data-i ten ive se vices (such as
TV, Video on Demand (VoD), gaming, .): data tra c ha gr wn 65%
betw en Q3 2014 and Q3 2015 [1]. The negative counterpart of the sup ior
performance of LTE when compare o other obile techn logies is its high-
e t complexity, which makes more complex its mod ling, dim nsioning [15]
and planning [16, 17, 18], dema ding new simulation and evalua ion tools
[19] along with novel algorithms for resource allocation [20] nd handov r in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in intr du ing the purpose
of this paper and in motivating its structure. It consists of three subfig res.
Figure 1 (a) aims at illustrating the fact that the DL transmission resources in
LTE exhibits dimensions of ti e, frequency and sp ce. T is l tter, measured
in “layers”, is used by means of m lti-antenna transmission and reception
schemes.
Multiple spatial layers
time
frequency
space
1 frame
2
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In this work we will use some co cepts f these t chniques, although t e
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the ba ic unit for
data transmission, called Physical Resource Block (PRB) or simply Resou ce
Block (RB), is a two-dimensional (time, frequency) object in a g id. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form n 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, wh ch in turn con-
sists of a number of symbol intervals, N lotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, hav
to be reserved for a number of necessary network functional ties such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will b explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on e ch user’s REs.
Other overhead REs have to be reserved for Reference Signa s (RSs) (dashed
REs) –which transport some signaling information– and Synchroniz ion Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usu lly
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In this work we will use some concepts of these techniques, although the
deep st specific det ils re beyond the scope of this paper. The interested
r ader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Mult ple Access (FDD). As illustrated, the basic unit for
data transmission, called Physi al Resourc Block (PRB) or simply Resource
l RB), is a two-dim nsional (time, frequency) object in a g i . In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time i terval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time In rval
(TTI). In the frequency di ension, n RB simply consists of 12 orthogonal
ubcarriers (SCs) assigned to an UE during one time slot, which in turn on-
sists of a number of symbol interval , N slotsym. The smallest information unit
is the one carried by 1 SC during 1 ti e sy bol, and is called Resource E e-
ent (RE). Most of the REs –white REs in Figure 1 (c)– are us to transmit
user data on specialized phy ical cha nels such as Physical Downlink Shared
C annels (PDSCHs). The rest of the REs, a reduced number of th m, have
to be reserved for a nu ber of necessary network functionalities such s sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Alt ough it will be explained in
detail later on, controlling the phys cal channels is motivated, for instance,
by the need to d cide, depending on user’s Channel Quality Indicator (CQI),
t e Modulation a Coding Scheme (MCS) t be applied on each user’s REs.
Oth r overhead REs have to be reserved f r Reference Signals (RSs) (dashed
Es) –which tr nsport so signaling information– and Synchronization Sig-
n ls (SSs). These h ve not been represented in Figure 1 (c) si ce, unlike the
others, a not computed at TTI scale, but at frame cale.
As will be shown in the literature rev ew in Section 2, overhead is usually
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
In this work we will use some concepts of thes techniques, although the
deepest specific details are beyond the sc pe of this paper. The interested
reader is referred to Chapt r 11 in [22] for furth r details. With this remark,
Figure 1 (b) focuses only n one of such layers, and r presents, in a si -
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Ac ess (FDD). As illustrated, the basic u it for
data transmission, called Physical R source Bl ck (PRB) or simply Reso rce
Block (RB), is a two-dimensional (time, frequency) obje t in a grid. In time
dimension, an RB last 0.5 ms, th length of 1 slot. Two slots form an 1-ms
length subframe. A subfram is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, us rs), and is call d Tr nsmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
In this work we will u e some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The int ested
reader is referred to Chapter 11 in [22] for fu ther details. With this re ark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in th LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustra ed, the basic u it for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest ti e interval in which LTE a -
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consist of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest nformation unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c – are used to transmit
user data on specialized physical channel such as Physical Down ink Sh red
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in th physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for i stance,
by the need to decide, depending on user’s Cha nel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Refere ce Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Sec ion 2, overhead s usually
estimated either as a constant value (regardless t operation conditions),
or as a percentage of the total available REs, or assu ing some overhead
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In this work we will use some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB la t 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the mallest time inte val in which LTE as-
signs RBs t UEs (or simply, users), and i called Trans ission Time Interval
(TTI). In th frequency dimension, an RB simply consists of 12 orthogonal
subcarri rs (SC ) assigned to an UE during one time sl t, which in turn con-
sists of a number f symbol intervals, N slotsym. The mall st information unit
is the one carried by 1 SC during 1 time symbol, a d is called Resource Ele-
ment (RE). Most of e REs –white REs in Figure 1 (c)– are used to transmit
u er d ta on sp cialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of nece sary netw k functionalities such as sig-
naling, c ntrol or synchr ization [5, 2 , 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the phy i channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
th Modulation d Coding Scheme (MCS) to be applie on each user’s REs.
Other ov rhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed a TTI scale, but at fr m scale.
As will be shown in the literature review in Sectio 2, overhead is usually
3
1 slot
1 subframe = 1 TTI
1 subfram = 2 sl ts
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In thi work we will use ome concepts of these echniques, alt ough t e
deepest specific etails are bey d the scop of t is ap r. T e i terested
r ad r is referred t Chapt r 11 in [22] for further etails. With this remark,
Fig re 1 (b) focuse only on one f such layers, and represents, in sim-
plified way, how OFDMA is used in the LTE DL, in th particular case of
Frequency Division Multipl Access (FDD). As illu trated, th basic unit f r
data transmission, c lled Physical Re ource Block (PRB) or imply Resourc
Block (RB), is a two-dim n ional (tim , frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the le gth of 1 slot. Two slots form an 1-ms
length subframe. A subframe is th sm llest time i erval in w ich LTE s-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists f 12 orthogonal
subcarriers (SCs) assigned to an UE du ing one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. Th smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resourc Ele-
ment (RE). Most of the REs –white REs in Figur 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The r st of th REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
3
1 slo
1 subfr me = 1 TTI
subframe = 2 lots
RB #NRB
RB #1
layer #1
ayer #M
TS
RE
In this work we will use some concepts of these techniques, although the
eepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for f rther details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustr ted, th basic unit for
data transmission, called Physical Resource Block (PRB) or simpl Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmissio Time I terval
( TI). In the frequency dimension, n RB si ply co sists of 12 orthogonal
subcarriers (SCs) assig ed to a UE during one time sl t, which i turn con-
sists of number of symbol intervals, N slotsym. The smallest information nit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
me t (RE). Most of the REs –white RE in Figure 1 (c)– are used to tra smit
user data on specialized physical cha nels such as Physical Downlink Shared
Cha nels (PDSCHs). The rest of the s, a reduced number f them, have
to be reserved for a number f nec ss ry n twork functionalities such s s g-
naling, co trol or synchronization [5, 23, 24, 25, 26] in the phys cal (PHY)
level. These REs are “overh ad” (O) REs. Although i will be xplained in
detail later on, controlling the physical cha nel is motivated, for i stance,
by the need to dec d , depending on user’s Channel Quality Indicat r (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each us r’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Sync ronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame sca e.
As will be show in the literature review i Section 2, verhead is u ually
3
A Methodology for LTE Downlink Performance
Evalua ion
A. . Ahmadzadeha, Lucas Cuadraa, Miguel . del Arco-Veg a, J. Antonio
Portilla-Figuerasa, Sa cho Salcedo-Sanza
aDepartment of Signal Processing and Comm nications, Univer idad de Alcala´, 28805
Alcala´ de Henares, Madrid, Spain. Contact e-mail: sancho.salcedo@uah.es
Abstract
Overhead Resource Elements (REs) in Long Term Evoluti n (L E) net-
works are used for control, signaling d synchronization t both t e Phys-
ical (PHY) level and Media Access Control (MAC) sub-level. This paper
describes a comprehensive data rate-based performance model that aims at
accurately c mputing all the overhead REs (and its c rresponding i fluence
on real data throughput) withi a unified fra ework which includes all the in-
volved variables (bandwidth, scheduling type, transmissi antenna scheme,
Hybrid Automatic Repeat Request configuration, and number and reception
conditions of users). The model allows f r dynamically : 1) optimizing data
throughput by selecting, wh possible, the configuration that minimizes
verhead ( t only in single user sc narios, but also in multi-service and
multi-user scenarios); and 2) computing the maximum number of users per
Transmission Time Interval, the smallest interval in which LTE assigns re-
sources to users. The model explains why sometimes increasing the number
of antennas in Multiple-input Multiple-output (MIMO) schemes may lead
to degrade bit rate rather than increase it. This counterintuitive result is
because of the additional overhead resources required by higher order trans-
mission schemes, which reduces the number of REs for user data.
Key ords: Overhead Resource Elements, Lo g Term Evolution, d ta
rate-based performance model, d ta th oughp t.
1. Introduction
Long Term Evolution (LTE), the fastes -growing mobile technolog [1, 2],
i able provide unprecedented very high ata rat and ext mely low la-
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whose size P [51] has also been listed in Table 2. Parameter P is called
“RBG size”. For instance, if the cha nel b ndwidth to be used is BW= 20
MHz then, accordi g to Table 2, NRB = 100 an P = 4.
N slotsym = 7 symbols/sl t N
TTI
sl t = 2 slo s/TTI N
RB
SC = 12 subcarriers/RB)
With these details in mind (N slotsym = 7, N
TTI
slot = 2 and N
RB
SC = 12), the
number of available REs per TTI stated by (11) leads to
ATTITOT = 168 ·NRB   NRB (12)
which, as mentioned, is a constant alue onc NRB is set through the choice
of BW in T ble 2. This leads again to the conclusion that, to maximize
TB in (10), O tTOT must be minimized. And o do that properly, we mu t
model O tTOT, which will be done in Section 4. Prior to do this, we ne som
concepts, which will be summarized in the following S bsecti n 3.2.
Table 2: Number of resou ce blocks (NRB) and Resou ce Block Gr ups s ze (P ) as a
function of LTE bandwidth (BW) [51].
BW (MHz) 1.4 3 5 10 15 20
NRB 6 15 25 50 75 100
RGB Size (P ) 1 2 2 3 4 4
3.2. Additional background
As mentioned before, most of the available REs ATTITOT in Expression (12)
–white REs in Figure 1– are used to transmit user data. The rest, the over-
head REs, have to be reserved for a number of tasks related to signaling, con-
trol r synchronization. Accurately computing O tTOT (Section 4) demands
some necessary background involving not only resource allocation (Subsec-
tion 3.2.1) but also some additional PHY layer processes and multi-antenna
co cepts (Subsection 3.2.2). These are he objectives of the following two
sections.
3.2.1. Resource Allocation: som necessary details
We have mentioned that the smallest r source allocation unit in LTE
is the PRB assigned during 1 TTI, the smallest scheduling time interval
(1 ms subframe). That is, the user’ TB is delivered by the MAC sublayer
to the PHY layer (in a group of RBs) once every TTI. Aiming at assisting
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  MAU: 
2 RBs  
in 1 TTI
Figure 1.1: (a) Multiple spatial layer conc pt. (b) ime-frequency resource structure
(normal c clic prefix ase) and M U. (c) Exa ple of overhead. See the main test
for further details.
8 Thesis purpose
On the other hand, Figure 1.2 will assist us in introducing the MAU in Mobile
WiMAX. The standard [68] defines both Time Division Duplex (TDD) and Fre-
quency Division Duplex (FDD) modes for the PHY layer, which uses Orthogonal
Frequency Division Multiple Access (OFDMA) technique. In this thesis we have
considered TDD-OFDMA since, when we published our work [69], the first releases
were expected to use only TDD.
Technical Background 7
uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G ca hav a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the chann l delay spread, the ISI is completely eliminated.
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1.2.3 Frequency Domain and Subchannelization in Frame
Structure
In the frequency domain, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a number of “sub-channels”.
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In the frequency domain, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a number of “sub-channels”.
OFDMA multiple access is not the only specificity of OFDMA PHY. Another key
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is compl tely eliminated.
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6 Technical Background
  The data region is called “burst” and is a two-dimensional allocation of a
group of slots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbols [?].
  Th other frame parts sed for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is us for time synchronization.
⇧ The “downlink map” (DL-MAP) and “uplink map” (UL-MAP), which
define both the burst-start time and burst-end time, along with the modu-
lation schemes and forward error con rol (FEC) technique for each mobile
station (MS).
⇧ A “Frame Control Header” (FCH), which specify the lengths and usable
subcarriers to be used in these MAPs.
Note that the user’ resource allocation is don in terms of bursts as represented in
??. Mobile WiMAX supports adaptiv modulation and coding, i.e., the modulation
and coding can be changed adaptively depending on the channel condition. Either
the MS or the BS can estimate the channel quality so that the BS decid s the most
e cient modulation and coding scheme (MSC). Channel Quality Indicator (CQI) is
used to pass the channel state condition information.
burst
slot
It contains
1.2.2 The Time Domain in the Frame Structure
In time dim nsion we have represented a 5-ms-length frame F`, which, in turn,
is formed by the DL subframe and the UL subframe. The DL tra c goes from the
base station (BS) to a subscriber station or mobile station. The UL tra c goes
from a mobile or subscriber station to the base station [37]. The DL subframe and
the UL subframe within a give frame F` are separated by a gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the next one,
frame F`+1 is called “Receive Transition Gap” (RTG). A given frame F` contains
a number N of OFDMA symbols in the DL subframe and M OFDMA sy bols i
the UL subframe, whose important details fo the purpose of this chapter will
shown later on. The complete frame consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
represented by a “DL:UL symbol ratio”. For instance, 35 symbols in DL and 12
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1.2.3 Frequency Domain and Subchannelization in Frame
Structure
I the frequency domain, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a nu ber of “sub-channel ”.
OFDMA ultiple access is not the only specificity of OFDMA PHY. Another key
element is the fact that its OFDM transmission is scalable. Although this specific
word has not been used in the standard, OFDMA PHY is said to have “Scalable”
6
T
ec
h
n
ic
al
B
ac
kg
ro
u
n
d
 
T
h
e
d
at
a
re
gi
on
is
ca
ll
ed
“b
u
rs
t”
an
d
is
a
tw
o-
d
im
en
si
on
al
al
lo
ca
ti
on
of
a
gr
ou
p
of
sl
ot
s.
i.
e.
,
a
gr
ou
p
co
nt
ig
u
ou
s
su
b
-c
h
an
n
el
s,
in
a
gr
ou
p
of
co
nt
ig
u
ou
s
O
F
D
M
A
sy
m
b
ol
s
[?
].
 
T
h
e
ot
h
er
fr
am
e
p
ar
ts
u
se
d
fo
r
si
gn
al
in
g,
co
nt
ro
l
an
d
sy
n
ch
ro
n
iz
at
io
n
[?
]
ar
e:
⇧
A
“p
re
am
b
le
”,
w
h
ic
h
is
u
se
d
fo
r
ti
m
e
sy
n
ch
ro
n
iz
at
io
n
.
⇧
T
h
e
“d
ow
n
li
n
k
m
ap
”
(D
L
-M
A
P
)
an
d
“u
p
li
n
k
m
ap
”
(U
L
-M
A
P
),
w
h
ic
h
d
efi
n
e
b
ot
h
th
e
b
u
rs
t-
st
ar
t
ti
m
e
an
d
b
u
rs
t-
en
d
ti
m
e,
al
on
g
w
it
h
th
e
m
od
u
-
la
ti
on
sc
h
em
es
an
d
fo
rw
ar
d
er
ro
r
co
nt
ro
l(
F
E
C
)
te
ch
n
iq
u
e
fo
r
ea
ch
m
ob
il
e
st
at
io
n
(M
S
).
⇧
A
“F
ra
m
e
C
on
tr
ol
H
ea
d
er
”
(F
C
H
),
w
h
ic
h
sp
ec
if
y
th
e
le
n
gt
h
s
an
d
u
sa
b
le
su
b
ca
rr
ie
rs
to
b
e
u
se
d
in
th
es
e
M
A
P
s.
P
re
am
b
le
D
L
-M
A
P
U
L
-M
A
P
F
C
H
N
ot
e
th
at
th
e
u
se
r’
re
so
u
rc
e
al
lo
ca
ti
on
is
d
on
e
in
te
rm
s
of
b
u
rs
ts
as
re
p
re
se
nt
ed
in
??
.
M
ob
il
e
W
iM
A
X
su
p
p
or
ts
ad
ap
ti
ve
m
od
u
la
ti
on
an
d
co
d
in
g,
i.
e.
,
th
e
m
od
u
la
ti
on
an
d
co
d
in
g
ca
n
b
e
ch
an
ge
d
ad
ap
ti
ve
ly
d
ep
en
d
in
g
on
th
e
ch
an
n
el
co
n
d
it
io
n
.
E
it
h
er
th
e
M
S
or
th
e
B
S
ca
n
es
ti
m
at
e
th
e
ch
an
n
el
qu
al
it
y
so
th
at
th
e
B
S
d
ec
id
es
th
e
m
os
t
e 
ci
en
t
m
od
u
la
ti
on
an
d
co
d
in
g
sc
h
em
e
(M
S
C
).
C
h
an
n
el
Q
u
al
it
y
In
d
ic
at
or
(C
Q
I)
is
u
se
d
to
p
as
s
th
e
ch
an
n
el
st
at
e
co
n
d
it
io
n
in
fo
rm
at
io
n
.
1
.2
.2
T
h
e
T
im
e
D
o
m
a
in
in
th
e
F
ra
m
e
S
tr
u
ct
u
re
In
ti
m
e
d
im
en
si
on
w
e
h
av
e
re
p
re
se
nt
ed
a
5-
m
s-
le
n
gt
h
fr
am
e
F `
,
w
h
ic
h
,
in
tu
rn
,
is
fo
rm
ed
by
th
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e.
T
h
e
D
L
tr
a 
c
go
es
fr
om
th
e
b
as
e
st
at
io
n
(B
S
)
to
a
su
b
sc
ri
b
er
st
at
io
n
or
m
ob
il
e
st
at
io
n
.
T
h
e
U
L
tr
a 
c
go
es
fr
om
a
m
ob
il
e
or
su
b
sc
ri
b
er
st
at
io
n
to
th
e
b
as
e
st
at
io
n
[3
7]
.
T
h
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e
w
it
h
in
a
gi
ve
fr
am
e
F `
ar
e
se
p
ar
at
ed
by
a
ga
p
ti
m
e
w
h
os
e
n
am
e
is
“T
ra
n
sm
it
T
ra
n
si
ti
on
G
ap
”
(T
T
G
).
T
h
e
ga
p
b
et
w
ee
n
fr
am
e
F `
an
d
th
e
n
ex
t
on
e,
fr
am
e
F `
+
1
is
ca
ll
ed
“R
ec
ei
ve
T
ra
n
si
ti
on
G
ap
”
(R
T
G
).
A
gi
ve
n
fr
am
e
F `
co
nt
ai
n
s
a
nu
m
b
er
N
of
O
F
D
M
A
sy
m
b
ol
s
in
th
e
D
L
su
b
fr
am
e
an
d
M
O
F
D
M
A
sy
m
b
ol
s
in
th
e
U
L
su
b
fr
am
e,
w
h
os
e
im
p
or
ta
nt
d
et
ai
ls
fo
r
th
e
p
u
rp
os
e
of
th
is
ch
ap
te
r
w
il
l
b
e
sh
ow
n
la
te
r
on
.
T
h
e
co
m
p
le
te
fr
am
e
co
n
si
st
s
of
47
O
F
D
M
sy
m
b
ol
s,
fo
r
th
e
af
or
es
ai
d
b
an
d
w
id
th
s
(t
ra
n
si
ti
on
ga
p
s
ex
cl
u
d
ed
).
A
ke
y
p
oi
nt
to
n
ot
e
is
th
at
th
e
d
u
ra
ti
on
of
b
ot
h
th
e
D
L
su
b
fr
am
e
(N
O
F
D
M
A
sy
m
b
ol
s)
an
d
th
at
of
th
e
U
L
su
b
fr
am
e
(M
sy
m
b
ol
s)
is
ad
ju
st
ab
le
(t
o
su
p
p
or
t
as
ym
-
m
et
ri
c
tr
a 
c)
.
N
an
d
M
ca
n
ta
ke
d
i↵
er
en
t
al
lo
w
ed
va
lu
es
co
n
st
ra
in
ed
to
th
e
re
-
st
ri
ct
io
n
N
+
M
=
47
sy
m
b
ol
s.
T
h
e
w
ay
th
e
N
+
M
sy
m
b
ol
s
ar
e
d
is
tr
ib
u
te
d
is
6
T
ec
h
n
ic
al
B
ac
kg
ro
u
n
d
 
T
h
e
d
at
a
re
gi
on
is
ca
ll
ed
“b
u
rs
t”
an
d
is
a
tw
o-
d
im
en
si
on
al
al
lo
ca
ti
on
of
a
gr
ou
p
of
sl
ot
s.
i.
e.
,
a
gr
ou
p
co
nt
ig
u
ou
s
su
b
-c
h
an
n
el
s,
in
a
gr
ou
p
of
co
nt
ig
u
ou
s
O
F
D
M
A
sy
m
b
ol
s
[?
].
 
T
h
e
ot
h
er
fr
am
e
p
ar
ts
u
se
d
fo
r
si
gn
al
in
g,
co
nt
ro
l
an
d
sy
n
ch
ro
n
iz
at
io
n
[?
]
ar
e:
⇧
A
“p
re
am
b
le
”,
w
h
ic
h
is
u
se
d
fo
r
ti
m
e
sy
n
ch
ro
n
iz
at
io
n
.
⇧
T
h
e
“d
ow
n
li
n
k
m
ap
”
(D
L
-M
A
P
)
an
d
“u
p
li
n
k
m
ap
”
(U
L
-M
A
P
),
w
h
ic
h
d
efi
n
e
b
ot
h
th
e
b
u
rs
t-
st
ar
t
ti
m
e
an
d
b
u
rs
t-
en
d
ti
m
e,
al
on
g
w
it
h
th
e
m
od
u
-
la
ti
on
sc
h
em
es
an
d
fo
rw
ar
d
er
ro
r
co
nt
ro
l(
F
E
C
)
te
ch
n
iq
u
e
fo
r
ea
ch
m
ob
il
e
st
at
io
n
(M
S
).
⇧
A
“F
ra
m
e
C
on
tr
ol
H
ea
d
er
”
(F
C
H
),
w
h
ic
h
sp
ec
if
y
th
e
le
n
gt
h
s
an
d
u
sa
b
le
su
b
ca
rr
ie
rs
to
b
e
u
se
d
in
th
es
e
M
A
P
s.
P
re
am
b
le
D
L
-M
A
P
U
L
-M
A
P
F
C
H
N
ot
e
th
at
th
e
u
se
r’
re
so
u
rc
e
al
lo
ca
ti
on
is
d
on
e
in
te
rm
s
of
b
u
rs
ts
as
re
p
re
se
nt
ed
in
??
.
M
ob
il
e
W
iM
A
X
su
p
p
or
ts
ad
ap
ti
ve
m
od
u
la
ti
on
an
d
co
d
in
g,
i.
e.
,
th
e
m
od
u
la
ti
on
an
d
co
d
in
g
ca
n
b
e
ch
an
ge
d
ad
ap
ti
ve
ly
d
ep
en
d
in
g
on
th
e
ch
an
n
el
co
n
d
it
io
n
.
E
it
h
er
th
e
M
S
or
th
e
B
S
ca
n
es
ti
m
at
e
th
e
ch
an
n
el
qu
al
it
y
so
th
at
th
e
B
S
d
ec
id
es
th
e
m
os
t
e 
ci
en
t
m
od
u
la
ti
on
an
d
co
d
in
g
sc
h
em
e
(M
S
C
).
C
h
an
n
el
Q
u
al
it
y
In
d
ic
at
or
(C
Q
I)
is
u
se
d
to
p
as
s
th
e
ch
an
n
el
st
at
e
co
n
d
it
io
n
in
fo
rm
at
io
n
.
1
.2
.2
T
h
e
T
im
e
D
o
m
a
in
in
th
e
F
ra
m
e
S
tr
u
ct
u
re
In
ti
m
e
d
im
en
si
on
w
e
h
av
e
re
p
re
se
nt
ed
a
5-
m
s-
le
n
gt
h
fr
am
e
F `
,
w
h
ic
h
,
in
tu
rn
,
is
fo
rm
ed
by
th
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e.
T
h
e
D
L
tr
a 
c
go
es
fr
om
th
e
b
as
e
st
at
io
n
(B
S
)
to
a
su
b
sc
ri
b
er
st
at
io
n
or
m
ob
il
e
st
at
io
n
.
T
h
e
U
L
tr
a 
c
go
es
fr
om
a
m
ob
il
e
or
su
b
sc
ri
b
er
st
at
io
n
to
th
e
b
as
e
st
at
io
n
[3
7]
.
T
h
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e
w
it
h
in
a
gi
ve
fr
am
e
F `
ar
e
se
p
ar
at
ed
by
a
ga
p
ti
m
e
w
h
os
e
n
am
e
is
“T
ra
n
sm
it
T
ra
n
si
ti
on
G
ap
”
(T
T
G
).
T
h
e
ga
p
b
et
w
ee
n
fr
am
e
F `
an
d
th
e
n
ex
t
on
e,
fr
am
e
F `
+
1
is
ca
ll
ed
“R
ec
ei
ve
T
ra
n
si
ti
on
G
ap
”
(R
T
G
).
A
gi
ve
n
fr
am
e
F `
co
nt
ai
n
s
a
nu
m
b
er
N
of
O
F
D
M
A
sy
m
b
ol
s
in
th
e
D
L
su
b
fr
am
e
an
d
M
O
F
D
M
A
sy
m
b
ol
s
in
th
e
U
L
su
b
fr
am
e,
w
h
os
e
im
p
or
ta
nt
d
et
ai
ls
fo
r
th
e
p
u
rp
os
e
of
th
is
ch
ap
te
r
w
il
l
b
e
sh
ow
n
la
te
r
on
.
T
h
e
co
m
p
le
te
fr
am
e
co
n
si
st
s
of
47
O
F
D
M
sy
m
b
ol
s,
fo
r
th
e
af
or
es
ai
d
b
an
d
w
id
th
s
(t
ra
n
si
ti
on
ga
p
s
ex
cl
u
d
ed
).
A
ke
y
p
oi
nt
to
n
ot
e
is
th
at
th
e
d
u
ra
ti
on
of
b
ot
h
th
e
D
L
su
b
fr
am
e
(N
O
F
D
M
A
sy
m
b
ol
s)
an
d
th
at
of
th
e
U
L
su
b
fr
am
e
(M
sy
m
b
ol
s)
is
ad
ju
st
ab
le
(t
o
su
p
p
or
t
as
ym
-
m
et
ri
c
tr
a 
c)
.
N
an
d
M
ca
n
ta
ke
d
i↵
er
en
t
al
lo
w
ed
va
lu
es
co
n
st
ra
in
ed
to
th
e
re
-
st
ri
ct
io
n
N
+
M
=
47
sy
m
b
ol
s.
T
h
e
w
ay
th
e
N
+
M
sy
m
b
ol
s
ar
e
d
is
tr
ib
u
te
d
is
6
T
ec
h
n
ic
al
B
ac
kg
ro
u
n
d
 
T
h
e
d
at
a
re
gi
on
is
ca
ll
ed
“b
u
rs
t”
an
d
is
a
tw
o-
d
im
en
si
on
al
al
lo
ca
ti
on
of
a
gr
ou
p
of
sl
ot
s.
i.
e.
,
a
gr
ou
p
co
nt
ig
u
ou
s
su
b
-c
h
an
n
el
s,
in
a
gr
ou
p
of
co
nt
ig
u
ou
s
O
F
D
M
A
sy
m
b
ol
s
[?
].
 
T
h
e
ot
h
er
fr
am
e
p
ar
ts
u
se
d
fo
r
si
gn
al
in
g,
co
nt
ro
l
an
d
sy
n
ch
ro
n
iz
at
io
n
[?
]
ar
e:
⇧
A
“p
re
am
b
le
”,
w
h
ic
h
is
u
se
d
fo
r
ti
m
e
sy
n
ch
ro
n
iz
at
io
n
.
⇧
T
h
e
“d
ow
n
li
n
k
m
ap
”
(D
L
-M
A
P
)
an
d
“u
p
li
n
k
m
ap
”
(U
L
-M
A
P
),
w
h
ic
h
d
efi
n
e
b
ot
h
th
e
b
u
rs
t-
st
ar
t
ti
m
e
an
d
b
u
rs
t-
en
d
ti
m
e,
al
on
g
w
it
h
th
e
m
od
u
-
la
ti
on
sc
h
em
es
an
d
fo
rw
ar
d
er
ro
r
co
nt
ro
l(
F
E
C
)
te
ch
n
iq
u
e
fo
r
ea
ch
m
ob
il
e
st
at
io
n
(M
S
).
⇧
A
“F
ra
m
e
C
on
tr
ol
H
ea
d
er
”
(F
C
H
),
w
h
ic
h
sp
ec
if
y
th
e
le
n
gt
h
s
an
d
u
sa
b
le
su
b
ca
rr
ie
rs
to
b
e
u
se
d
in
th
es
e
M
A
P
s.
P
re
am
b
le
D
L
-M
A
P
U
L
-M
A
P
F
C
H
N
ot
e
th
at
th
e
u
se
r’
re
so
u
rc
e
al
lo
ca
ti
on
is
d
on
e
in
te
rm
s
of
b
u
rs
ts
as
re
p
re
se
nt
ed
in
??
.
M
ob
il
e
W
iM
A
X
su
p
p
or
ts
ad
ap
ti
ve
m
od
u
la
ti
on
an
d
co
d
in
g,
i.
e.
,
th
e
m
od
u
la
ti
on
an
d
co
d
in
g
ca
n
b
e
ch
an
ge
d
ad
ap
ti
ve
ly
d
ep
en
d
in
g
on
th
e
ch
an
n
el
co
n
d
it
io
n
.
E
it
h
er
th
e
M
S
or
th
e
B
S
ca
n
es
ti
m
at
e
th
e
ch
an
n
el
qu
al
it
y
so
th
at
th
e
B
S
d
ec
id
es
th
e
m
os
t
e 
ci
en
t
m
od
u
la
ti
on
an
d
co
d
in
g
sc
h
em
e
(M
S
C
).
C
h
an
n
el
Q
u
al
it
y
In
d
ic
at
or
(C
Q
I)
is
u
se
d
to
p
as
s
th
e
ch
an
n
el
st
at
e
co
n
d
it
io
n
in
fo
rm
at
io
n
.
1
.2
.2
T
h
e
T
im
e
D
o
m
a
in
in
th
e
F
ra
m
e
S
tr
u
ct
u
re
In
ti
m
e
d
im
en
si
on
w
e
h
av
e
re
p
re
se
nt
ed
a
5-
m
s-
le
n
gt
h
fr
am
e
F `
,
w
h
ic
h
,
in
tu
rn
,
is
fo
rm
ed
by
th
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e.
T
h
e
D
L
tr
a 
c
go
es
fr
om
th
e
b
as
e
st
at
io
n
(B
S
)
to
a
su
b
sc
ri
b
er
st
at
io
n
or
m
ob
il
e
st
at
io
n
.
T
h
e
U
L
tr
a 
c
go
es
fr
om
a
m
ob
il
e
or
su
b
sc
ri
b
er
st
at
io
n
to
th
e
b
as
e
st
at
io
n
[3
7]
.
T
h
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e
w
it
h
in
a
gi
ve
fr
am
e
F `
ar
e
se
p
ar
at
ed
by
a
ga
p
ti
m
e
w
h
os
e
n
am
e
is
“T
ra
n
sm
it
T
ra
n
si
ti
on
G
ap
”
(T
T
G
).
T
h
e
ga
p
b
et
w
ee
n
fr
am
e
F `
an
d
th
e
n
ex
t
on
e,
fr
am
e
F `
+
1
is
ca
ll
ed
“R
ec
ei
ve
T
ra
n
si
ti
on
G
ap
”
(R
T
G
).
A
gi
ve
n
fr
am
e
F `
co
nt
ai
n
s
a
nu
m
b
er
N
of
O
F
D
M
A
sy
m
b
ol
s
in
th
e
D
L
su
b
fr
am
e
an
d
M
O
F
D
M
A
sy
m
b
ol
s
in
th
e
U
L
su
b
fr
am
e,
w
h
os
e
im
p
or
ta
nt
d
et
ai
ls
fo
r
th
e
p
u
rp
os
e
of
th
is
ch
ap
te
r
w
il
l
b
e
sh
ow
n
la
te
r
on
.
T
h
e
co
m
p
le
te
fr
am
e
co
n
si
st
s
of
47
O
F
D
M
sy
m
b
ol
s,
fo
r
th
e
af
or
es
ai
d
b
an
d
w
id
th
s
(t
ra
n
si
ti
on
ga
p
s
ex
cl
u
d
ed
).
A
ke
y
p
oi
nt
to
n
ot
e
is
th
at
th
e
d
u
ra
ti
on
of
b
ot
h
th
e
D
L
su
b
fr
am
e
(N
O
F
D
M
A
sy
m
b
ol
s)
an
d
th
at
of
th
e
U
L
su
b
fr
am
e
(M
sy
m
b
ol
s)
is
ad
ju
st
ab
le
(t
o
su
p
p
or
t
as
ym
-
m
et
ri
c
tr
a 
c)
.
N
an
d
M
ca
n
ta
ke
d
i↵
er
en
t
al
lo
w
ed
va
lu
es
co
n
st
ra
in
ed
to
th
e
re
-
st
ri
ct
io
n
N
+
M
=
47
sy
m
b
ol
s.
T
h
e
w
ay
th
e
N
+
M
sy
m
b
ol
s
ar
e
d
is
tr
ib
u
te
d
is
6
T
ec
h
n
ic
al
B
ac
kg
ro
u
n
d
 
T
h
e
d
at
a
re
gi
on
is
ca
ll
ed
“b
u
rs
t”
an
d
is
a
tw
o-
d
im
en
si
on
al
al
lo
ca
ti
on
of
a
gr
ou
p
of
sl
ot
s.
i.
e.
,
a
gr
ou
p
co
nt
ig
u
ou
s
su
b
-c
h
an
n
el
s,
in
a
gr
ou
p
of
co
nt
ig
u
ou
s
O
F
D
M
A
sy
m
b
ol
s
[?
].
 
T
h
e
ot
h
er
fr
am
e
p
ar
ts
u
se
d
fo
r
si
gn
al
in
g,
co
nt
ro
l
an
d
sy
n
ch
ro
n
iz
at
io
n
[?
]
ar
e:
⇧
A
“p
re
am
b
le
”,
w
h
ic
h
is
u
se
d
fo
r
ti
m
e
sy
n
ch
ro
n
iz
at
io
n
.
⇧
T
h
e
“d
ow
n
li
n
k
m
ap
”
(D
L
-M
A
P
)
an
d
“u
p
li
n
k
m
ap
”
(U
L
-M
A
P
),
w
h
ic
h
d
efi
n
e
b
ot
h
th
e
b
u
rs
t-
st
ar
t
ti
m
e
an
d
b
u
rs
t-
en
d
ti
m
e,
al
on
g
w
it
h
th
e
m
od
u
-
la
ti
on
sc
h
em
es
an
d
fo
rw
ar
d
er
ro
r
co
nt
ro
l(
F
E
C
)
te
ch
n
iq
u
e
fo
r
ea
ch
m
ob
il
e
st
at
io
n
(M
S
).
⇧
A
“F
ra
m
e
C
on
tr
ol
H
ea
d
er
”
(F
C
H
),
w
h
ic
h
sp
ec
if
y
th
e
le
n
gt
h
s
an
d
u
sa
b
le
su
b
ca
rr
ie
rs
to
b
e
u
se
d
in
th
es
e
M
A
P
s.
P
re
am
b
le
D
L
-M
A
P
U
L
-M
A
P
F
C
H
N
ot
e
th
at
th
e
u
se
r’
re
so
u
rc
e
al
lo
ca
ti
on
is
d
on
e
in
te
rm
s
of
b
u
rs
ts
as
re
p
re
se
nt
ed
in
??
.
M
ob
il
e
W
iM
A
X
su
p
p
or
ts
ad
ap
ti
ve
m
od
u
la
ti
on
an
d
co
d
in
g,
i.
e.
,
th
e
m
od
u
la
ti
on
an
d
co
d
in
g
ca
n
b
e
ch
an
ge
d
ad
ap
ti
ve
ly
d
ep
en
d
in
g
on
th
e
ch
an
n
el
co
n
d
it
io
n
.
E
it
h
er
th
e
M
S
or
th
e
B
S
ca
n
es
ti
m
at
e
th
e
ch
an
n
el
qu
al
it
y
so
th
at
th
e
B
S
d
ec
id
es
th
e
m
os
t
e 
ci
en
t
m
od
u
la
ti
on
an
d
co
d
in
g
sc
h
em
e
(M
S
C
).
C
h
an
n
el
Q
u
al
it
y
In
d
ic
at
or
(C
Q
I)
is
u
se
d
to
p
as
s
th
e
ch
an
n
el
st
at
e
co
n
d
it
io
n
in
fo
rm
at
io
n
.
1
.2
.2
T
h
e
T
im
e
D
o
m
a
in
in
th
e
F
ra
m
e
S
tr
u
ct
u
re
In
ti
m
e
d
im
en
si
on
w
e
h
av
e
re
p
re
se
nt
ed
a
5-
m
s-
le
n
gt
h
fr
am
e
F `
,
w
h
ic
h
,
in
tu
rn
,
is
fo
rm
ed
by
th
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e.
T
h
e
D
L
tr
a 
c
go
es
fr
om
th
e
b
as
e
st
at
io
n
(B
S
)
to
a
su
b
sc
ri
b
er
st
at
io
n
or
m
ob
il
e
st
at
io
n
.
T
h
e
U
L
tr
a 
c
go
es
fr
om
a
m
ob
il
e
or
su
b
sc
ri
b
er
st
at
io
n
to
th
e
b
as
e
st
at
io
n
[3
7]
.
T
h
e
D
L
su
b
fr
am
e
an
d
th
e
U
L
su
b
fr
am
e
w
it
h
in
a
gi
ve
fr
am
e
F `
ar
e
se
p
ar
at
ed
by
a
ga
p
ti
m
e
w
h
os
e
n
am
e
is
“T
ra
n
sm
it
T
ra
n
si
ti
on
G
ap
”
(T
T
G
).
T
h
e
ga
p
b
et
w
ee
n
fr
am
e
F `
an
d
th
e
n
ex
t
on
e,
fr
am
e
F `
+
1
is
ca
ll
ed
“R
ec
ei
ve
T
ra
n
si
ti
on
G
ap
”
(R
T
G
).
A
gi
ve
n
fr
am
e
F `
co
nt
ai
n
s
a
nu
m
b
er
N
of
O
F
D
M
A
sy
m
b
ol
s
in
th
e
D
L
su
b
fr
am
e
an
d
M
O
F
D
M
A
sy
m
b
ol
s
in
th
e
U
L
su
b
fr
am
e,
w
h
os
e
im
p
or
ta
nt
d
et
ai
ls
fo
r
th
e
p
u
rp
os
e
of
th
is
ch
ap
te
r
w
il
l
b
e
sh
ow
n
la
te
r
on
.
T
h
e
co
m
p
le
te
fr
am
e
co
n
si
st
s
of
47
O
F
D
M
sy
m
b
ol
s,
fo
r
th
e
af
or
es
ai
d
b
an
d
w
id
th
s
(t
ra
n
si
ti
on
ga
p
s
ex
cl
u
d
ed
).
A
ke
y
p
oi
nt
to
n
ot
e
is
th
at
th
e
d
u
ra
ti
on
of
b
ot
h
th
e
D
L
su
b
fr
am
e
(N
O
F
D
M
A
sy
m
b
ol
s)
an
d
th
at
of
th
e
U
L
su
b
fr
am
e
(M
sy
m
b
ol
s)
is
ad
ju
st
ab
le
(t
o
su
p
p
or
t
as
ym
-
m
et
ri
c
tr
a 
c)
.
N
an
d
M
ca
n
ta
ke
d
i↵
er
en
t
al
lo
w
ed
va
lu
es
co
n
st
ra
in
ed
to
th
e
re
-
st
ri
ct
io
n
N
+
M
=
47
sy
m
b
ol
s.
T
h
e
w
ay
th
e
N
+
M
sy
m
b
ol
s
ar
e
d
is
tr
ib
u
te
d
is6 Technical Background
  he data region is calle “burst” and is a two-dimensional allocation of a
group of lots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbol [?].
  Th th r frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is used for time synchronization.
⇧ The “ ownli k map” (DL-MAP) nd “uplink map” (UL-MAP), which
efine both the burst-st rt time and burst-end time, along with the modu-
l tion schemes and forward error control (FEC) technique for each mobile
station MS).
⇧ A “Frame Control Header” (FCH), which specify the lengths and usable
su carriers to be used in these MAPs.
next
frame
DL-MAP
UL-MAP
FCH
Note that the user’ resource alloca ion is d ne in terms of bursts as represented in
??. Mobile WiMAX supports adaptive modulation and coding, i.e., the modulation
and coding can be changed adaptively depending on the channel condition. Either
the MS or the BS can estimate the channel quality so that the BS decides the most
e cient modulation and coding sch me (MSC). Channel Quality Indicator (CQI) is
used to pass the channel state condition informati .
1.2.2 The Time Domain in the Frame Structure
In tim dimension we h ve represented a 5-ms-length frame F`, which, in turn,
is formed by the DL subframe and the UL ubframe. The DL tra c goes from the
base station (BS) to a subscr ber tation or mobile station. The UL tra c goes
from mobile o subscriber station to the base station [37]. The DL subframe and
the UL subframe within a give frame ` re separated by a gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the next one,
frame F`+1 i called “Receive Transition Gap” (RTG). A giv n frame F` contains
a number N of OFDMA symbols in the DL subframe and M OFDMA symbols in
the UL subframe, whose important details for the purpose of this chapter will be
shown later on. The complete frame consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wav . If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol uration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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Figure 1.1: OFDMA-TDD Fr me s ucture indicating contro messages and resour e
allocation procedure.
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Technical Background 7
uplink ub-fr me are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are oth r parts of the frame (Preamb e, frame control header (FCH), etc.) than are
not used for user ’ data and whose det ls will be explain in Subsection ??
Aiming at mitigati g the Inter Symbol nterference (ISI), a Cyclic Prefix (CP)
has been introduce in the standard [39,96]: it c pies a portion of the ending of the
u eful sym ol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
seful symbol dur tion, TG is the corresponding “Guard Time”, then the OFDMA
symb l duration wil be S = Tb + TG. The guard time TG = Td/G increased with
an ord r of 1/G, where G c n have a value f 4, 8, 16 or 32. As long as the CP
durat on s la er tha th annel elay spr ad, th ISI is completely eliminated.
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Figure 1.1: OFDMA-TDD Frame structure indicating co trol messages and resource
alloc tion procedur .
gap
TTG
RTG
1.2.3 Freque cy Domain and Subchan eliz tion in Frame
Structure
In the frequency d main, a mentioned bef e, the total number of OFDM sub-
carriers (SCs) ar g o ped nto a number of “sub-chann ls”.
OFDMA multiple acces is not the only specificity of OFDMA PHY. Anot er key
le ent is the fact th its OFDM tr nsmission is scalable. Although this specific
word has ot been used in the standard, OFDMA PHY is s id to have “Scalable”
6 Technical Background
  The ata region is called “burst” and is a two-dimensional allocation of a
group of slots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbols [?].
  The other frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is used for time synchronizati n.
⇧ Th “downlink map” (DL-MAP) nd “uplink map” (UL-MAP), which
define both t e burs -start time nd burst- nd i e, long wi h the modu-
lation schemes and forward error contr l (FEC) technique for e ch mobile
station (MS).
⇧ A “Frame Co trol Header” (FCH), which specify t e lengths and usable
subcarriers t be used in these MAP .
next
frame
DL-MAP
UL-MAP
FCH
Note that the user’ re urce allocation is done in erms f bursts as represented
??. Mobile WiMAX supports daptive modula ion and co i g, i.e., the odulation
and coding can be changed adaptively depen ing o th channel condi . Eith r
the MS or the BS can est mate the channel quality so t at the B decides the most
e  ient modulation a d coding scheme (MS ). Ch nn l Qu lity I dicator (CQI) is
us d to pass the channel state condition i formation.
1.2.2 The Time Do ain in th F ame Str cture
In time dimension w have r presented a 5-ms-length frame F`+1, which, in turn,
is f rmed by the DL subframe nd the UL subframe. The L tra c goes from the
base station (BS) to a subscriber station or mobile station. The UL tra c goes
from a mobile or subscriber station to the base station [37]. he DL subframe and
the UL subframe within a give fra e F` are separated by gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the next one,
frame F`+1 is called “Receive Transition Gap” (RTG). A given frame F` contains
a n mber N of OFDMA symbols in the DL subframe and M OFDMA symbols in
the UL subframe, whose important details for the purpose of this chapter will be
shown later on. T e complete fra e consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take i↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
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mission and reception schemes (for instant, MIMO). Figure 1.1 (b) focuses only
on one of such layers, and represents, in a simplified way, how OFDMA is used in
the LTE DL, in t e particular case of Frequency Divisio Multiple Access (FDD)
and normal cyclic prefix. As illustrated, the basic unit for data transmission, called
Physical Resource Block (PRB) or simply Resource Block (RB), is a two-dimensional
(time, frequency) object in a grid. In time di ension, an RB last 0.5 ms, the length
of 1 slot. Tw slots fo m an 1-ms length subframe. A subframe is the smallest
time interval in which LTE can assign RBs to UEs (or simply, users), and is called
Transmission Time Interval (TTI). In the frequency dimension, an RB consists of
12 orthogonal subcarriers (SCs) assigned to an UE during one time slot, which in
turn consists of a number of 7 OFDM symbols. The smallest infor ation unit is
the one carried by 1 SC during 1 time symbol (TS), and is call d Resource El m nt
(RE). Most of the REs –white REs in Figure 1.1 (c)– are used to transmit user
data on specialized physical channels such as Physical Downlink Shared Channels
(PDSCHs). The rest of the REs, a reduced number of them, have to be reserved
for a number of necessary network func ionalities such as signaling, c ntrol or syn-
chronization [22,49,50,129,130] t both the Physical (PHY) level and Media Access
Control (MAC) sub-level. These REs re “ verhead” (O) RE . Although it will be
explained in detail later on, controlling th p sical channels is mo vated, for i -
stance, by the need to decide, depending on user’s Channel Q ality Indic tor (CQI ,
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs. Other
over ad R s have t be reserved for Ref rence Signals (RSs) (dashed grey REs)
–whic tra sport ome sign ling informa ion– and Synchronization Signals (SSs).
These have n t been represented in Figure 1.1 (c) since, unlike the o hers, ar not
co puted at TTI scale, but at frame scale.
On the other hand, Figure 1.2 will assist us in introducing the MAU in Mobile
WiMAX. The standard [70] defin s b th T m Division Dupl x (T ) and Fre-
quency Divisi n Duplex (FDD) modes for the PHY layer, which us s Ort ogo a
Frequency Division Mult ple Access (OFDMA) technique. In this thesis we hav
considered TDD-OFDMA sinc , when we published our work [67], the first rel ases
were expected to us only TDD. Figure 1.2 basically represent a simplified struc-
tu e of a TDD-OFDMA fram , which s a two-dimension l grid n time (t) and
frequency (f). In time dimension, t frame consists of a ow link (DL) sub ra e
and uplink (UL) subframe [37]. E ch of t em transports a nu b r of OFDMA
symbols. In frequency dimension, the frame consists of a number of o thogonal
subcarriers (SCs) grouped into “sub-channels”. This association between physical
subcarriers and logical sub-channels is called a “p rmutation mod ”. Partially Used
Sub-channelization (PUSC) is the most common. In PUSC, subcarriers forming a
sub-channel are selected randomly from all available subcarriers. The minimal allo-
cation unit (MAU) is call d a “ lot”. The ize f a slo d pends on he permutation
mode used. For example, in the PUSC mode a sl t is formed by on sub-channel
n frequency dimension and two symbols in the time dimension. Most of the frame
slots (white areas in Figure 1.2) are used to transmit users’ data. Each of these
user’s data region is called “burst” and is a two-di ensional allocation of s ots, that
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contiguous OFDMA symbols [124]. However, part of the fra e (gray area) must be
reserved for the proper system operation (synchronization, signaling, and contr l).
Although it will be explained in detail throughout this thesis, we mot vat here the
need form some of these elements. For instance, a “preamble” is used fo time syn-
chronization, while the “downlink map” (DL-MAP) and “uplink map” (UL-MAP)
are used to communicate both the burst-start time and burst-end time, along with
the modulation sc mes and forward error contro (FEC) technique for each mo-
bile station (MS). The other remaining e ement i Figure 1.2, the “Frame Control
Header” (FCH), is used to specify the lengths and subc rriers to be used in these
MAPs.
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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6 Technical Background
  Th data region is called “burst” an is two-dimensional allocation of a
group of slots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbols [?].
  Th other frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is us for tim synchronization.
⇧ Th “downlink map” (DL-MAP) and “uplink map” (UL-MAP), which
define th the burst-start time and burst-end time, along with the modu-
lati n schemes and forward rr c n rol (FEC) techn que for ach mobile
station (MS).
⇧ A “Frame Con rol He der” (FCH), which specify the lengths and usable
subcarriers to be us d in these MAPs.
Note that the user’ resource allocation is don in terms of ursts as represented in
??. Mobile WiMAX supports daptiv modulatio and coding, i. ., the modul tion
and coding can be changed adaptively dependin on the channel co dition. Either
t MS o the BS can estima e the channel qual ty so th t the BS d cid s th ost
e cient modulation and coding scheme (MSC). Channel Quality Indicator (CQI) is
used to pass the channel st te condi io information.
burst
slot
It contains
1.2.2 T e Tim D mai i the Frame Struc ure
I time dim nsion we have repr se ted a 5-ms-l ng h frame F`, which, in turn,
is formed by th DL subfram a the UL subframe. The DL tra c goes from the
ba e s tion (BS) to a subscriber t t on or bil station. The UL tra c goes
from a mob le or subscriber statio to the base statio [37]. The L subframe and
the UL s bframe within a giv frame F` re sep rated y a g p time whose name
is “Tra smit Transition Gap” (TTG). Th gap betwe n fr m F` nd th next one,
frame F`+1 is called “Receive T ansitio Gap” (RTG). A giv n fram F` c ntains
a number N of OFDMA symb ls n t e DL subframe nd M FDMA sy bols i
he UL subfr e, whose impor t detail fo the purpose this chapter will
show l ter on. The co plete f me c nsists of 47 OFDM sy bols, or the aforesaid
bandwidths (transition g s excluded).
A k y p int to note is at the duration of both the DL ubframe (N OFDMA
ymbols) and that of the UL subframe (M sym ols) is adjustabl ( o support asym-
metric tr  c). N and M can take di↵erent allowed valu s co strained to the re-
striction N +M = 47 symbols. The way th N +M symbols ar distributed is
represented by a “DL:UL symbol ratio”. For instance, 35 sym ols in DL and 12
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ? . In addition to DL-MAP, there
re other parts of the frame (Preamble, fra e control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
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an order of 1/G, where G can hav a val e of 4, 8, 16 or 32. As long as the CP
duratio s larger than t channel delay spread, the ISI is completely eliminated.
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is6 Technical Background
  he da a region is ca e “burst” and is a two-dimensional allocat on of a
group of lots. i.e., a gro p contiguous sub-cha nels, in a group of conti uous
OFDMA symbol [?].
  The ther frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is used for time synchronization.
⇧ The “ o nli k map” (DL-MAP) nd “uplink map” (UL-MAP), which
efine both the burst-st rt time and burst-end time, along with the modu-
l tion schemes and forward error control (FEC) technique for each mobile
station MS).
⇧ A “Frame Contr l Header” (FCH), which specify the leng hs and usable
su carriers to be used in hese MAPs.
next
frame
DL-M P
UL-MAP
FCH
Note that the user’ resource all c ion is d ne in terms of bursts s represented in
??. Mobile WiMAX supports adaptive modulation and coding, i.e., the modulation
and coding can be chang d ad ptiv l depending on the channel condition. Either
t M or the BS c estimate t channel qu lity so that the BS decides the most
e  ient mo ulation a d c di g sch me ( SC). Channel Quality Indicator (CQI) is
used t pass the chann l stat c ndi inf rmati .
1.2.2 T Ti D ain in he Frame S ruct e
In tim dim nsio we hav represe ted a 5-ms-length frame F`, which, in turn,
is formed by the DL subframe and the UL ubframe. The DL tra c goes from the
base statio (BS) to a subscr ber tation or mobile station. The UL tra c goes
from mobile o subscriber station to the base station [37]. The DL subframe and
the UL subframe ithi a give frame ` re separated by a gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the n xt one,
frame F`+1 i called “Receive Transition Gap” (RTG). A giv n frame F` cont ins
a number N of OFDMA symbols in the DL subframe and M OFDMA symbols in
he UL subframe, whose imp rtant details for the purpose of this chapter will be
shown late on. The complete frame consi ts of 47 OFDM symbols, for the aforesaid
bandwidths (transitio g ps excluded).
A key point to note i that he duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjust ble (to support asym-
metric tra c). N and M can take i↵ere t allo ed values constrained to th re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wav . If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol uration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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Figure 1.1: OFDMA-TDD F me s ucture indicating o tro mess ges and resour e
allocation procedure.
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1.2.3 F equ cy D ain and Su ch eliz tion in Fra e
Str ctu e
I the freque cy d m i , a menti ed bef e, the to al number of OFDM sub-
c rri rs (SCs) r g o ped nto a umber of “sub-chann ls”.
OFDMA multipl a ces is n t the only specificity of OFDMA PHY. Anot er key
le ent is the fact h its OFDM tr nsmission is scalable. Although this sp cific
word has ot been used in the standard, OFDMA PHY is s id to have “Scal ble”
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mission and reception schemes (for instant, MIMO). Figure 1.1 (b) focuses only
on one of such layers, and represents, in a simplified way, how OFDMA is used in
the LTE DL, in t e particular case of Frequency Divisio Multiple Access (FDD)
and normal cyclic prefix. As illustrated, the basic unit for data transmission, called
Physical Resource Block (PRB) or simply Resource Block (RB), is a two-dimensional
(time, frequency) object in a grid. In time di ension, an RB last 0.5 ms, the length
of 1 slot. Tw slots fo m an 1-ms length subframe. A subframe is the smallest
time interval in which LTE can assign RBs to UEs (or simply, users), and is called
Transmission Time Interval (TTI). In the frequency dimension, an RB consists of
12 orthogonal subcarriers (SCs) assigned to an UE during one time slot, which in
turn consists of a number of 7 OFDM symbols. The smallest infor ation unit is
the one carried by 1 SC during 1 time symbol (TS), and is call d Resource El m nt
(RE). Most of the REs –white REs in Figure 1.1 (c)– are used to transmit user
data on specialized physical channels such as Physical Downlink Shared Channels
(PDSCHs). The rest of the REs, a reduced number of them, have to be reserved
for a number of necessary network func ionalities such as signaling, c ntrol or syn-
chronization [22,49,50,129,130] t both the Physical (PHY) level and Media Access
Control (MAC) sub-level. These REs re “ verhead” (O) RE . Although it will be
explained in detail later on, controlling th p sical c an els is mo vated, for i -
stance, by the need to decide, depending on user’s Channel Q ality Indic tor (CQI),
the Modulation and Coding Sch me (MCS) to be applied o each user’s REs. Other
over ead R s have to be reserved for Ref rence Signals (RSs) (dashed grey REs)
–whic tra sport ome sign ling informa ion– a d Synchronization Signals (SSs).
These have n t been represented in Figure 1.1 (c) since, unlike t o hers, ar no
co puted at TTI cale, but at fra sc le.
On the other hand, Figure 1.2 will assist us in introducing the MAU in Mobile
WiMAX. The standard [70] defin s b th T m Divisio Dupl x (T ) and Fre-
quency Divisi n Duplex (FDD) modes for the PHY layer, which us s Ort ogo al
Frequency Division Mult ple Access (OFDMA) technique. In this hesis w hav
considered TDD-OFDMA sinc , when we published ou work [67], the first r l ses
were expected to us only TDD. Figure 1.2 basically represe t a simplified struc-
tu e of a TDD-OFDMA fram , which s a two-dimension l grid time (t) and
frequency (f). In time dimension, t frame consists of a ow link (DL) sub ra e
and uplink (UL) subframe [37]. E ch of t em transports a numb r of OFDMA
symbols. In frequency dimension, the frame consists of a number of o thogonal
subcarriers (SCs) grouped into “sub-channels”. This association between physical
subcarriers and logical sub-channels is called a “p rmutation mod ”. Partially Used
Sub-channelization (PUSC) is the most ommon. In PUSC, subcarriers forming a
sub-channel are selected randomly from all available subcar iers. The mini al allo-
cation unit (MAU) is call d a “ lot”. The ize f a slo d pends on he permutation
mode used. For example, in the PUSC mode a sl t is formed by on sub-channel
n frequency dimension an two symbols in the tim dimension. Most of th frame
slots (white areas in Figure 1.2 are used to transmit users’ data. Each of these
user’s data region is called “burst” and is a two-di ensional allocation of s ots, that
Figure 1.2: Simplified r p esentation f the OFDMA-TDD F ame stru ure in M -
bile WiMAX.
These figures have in com on the fac tha properly alculate the mini um
allocation unit is a di cult task o accu ate comput real use da a at s. To do
this
Mo ling the minimum po sible da a allocati n unit (MAU).
Compute the number of available and overhead AUs
Compute useful number of MAU
Se vice Profile: The end users that populate the service ar a, each may e
placed at di↵erent location and may equest di↵er t sets f data s rvices. Di↵ere t
distribution of the users in service are esults in di↵erent signal reception c ndi s,
and di↵erent tra c services that they request may consume di↵erent amount of
system resources. Thus it is essential to elaborate a Service Profile d finition to
model the user’s con ition and demand.
Compute the demanded number of MAUs for th sers
Compute capacity
Figure 1.2: Simplified representation of the OFDMA-TDD frame str cture in Mobile
WiMAX. The minimal allocation unit in this example is a “slot” (one sub-channel
in frequency dimension and two symbols in the time dimension –in the PUSC p r-
mutation mode–).
Figure 1.2 basically represents a simplified structure of a TDD-OFDMA frame,
which is a two-dimensio al grid in time (t) and frequency (f). In time dimension,
the frame consists of a downlink (DL) subframe and uplink (UL) subframe [56].
Each of them transports a number of OFDMA symbols. In frequency dimension,
the frame consists of a numb r of orthogonal subcarriers (SCs) grouped into “sub-
channels”. This association be ween physical subcarriers and logical sub-channels
is called a “permutation mode”. Partiall Used Sub-channelization (PUSC) i the
most common. In PUSC permutation mode, subcarriers forming a sub-channel are
selected randomly from all available subcarriers. The minimal allocation unit in this
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case is called a “slot”. The size of a slot depends on the permutation mode used.
For example, in the PUSC mode a slot is formed by one sub-channel in frequency
dimension and two symbols in the time dimension. Most of the frame slots (white
areas in Figure 1.2) are used to transmit users’ data. Each of these user’s data
region is called “burst” and is a two-dimensional allocation of slots, that is, a group
of contiguous sub-channels transporting a set of contiguous OFDMA symbols [70].
However, part of the frame (gray area) must be reserved for the proper system
operation (synchronization, signaling, and control). Although it will be explained
in detail throughout this thesis, we here briefly review the need form some of these
elements. For instance, a “preamble” is used for time synchronization, while the
“downlink map” (DL-MAP) and “uplink map” (UL-MAP) are used to communicate
both the burst-start time and burst-end time, along with the modulation schemes
and forward error control (FEC) technique for each mobile station (MS). The other
remaining element in Figure 1.2, the “Frame Control Header” (FCH), is used to
specify the lengths and subcarriers to be used in these MAPs.
Figures 1.1 and 1.2 show the resource and MAU formations in LTE and Mobile
WiMAX, and have in common the fact that calculating properly these MAUs are
very di cult tasks to accurately compute the real user data rates. Since part of
the resources have to be reserved for a number of necessary network functionalities
such as signaling, control or synchronization (overhead, O), the useful user’s data
throughput must be computed (over 1 TTI) as the useful resources minus those used
for overhead.
With these ideas in mind, the twofold purpose of this thesis consists in accurately
modeling: 1) useful data throughput (which requires to compute in parallel the avail-
able resources –removing those used for overhead– and the demanded resources by
several multi-service users), and 2) capacity (the maximum number of simultaneous
multi-service users that a cell is able to support with a given Quality of Service).
Capacity is a Key Performance Indicators (KPI) we have used as a representation of
the network operational capacity and corresponds to the goodput (real throughput
once overhead has been removed) of the system at full-load. The obtained capacity
can be used as the basis for network design, planning and dimensioning purposes,
as well as cost estimation of the new generation cellular networks implementation.
As will be shown in the literature review in Section 1.4, overhead is usually
estimated either as a constant value (regardless of operation conditions), or as a
percentage of the total available resources, or assuming some overhead mechanisms
as negligible, leading to overestimate bit rates or throughputs. Another important
di culty encountered when trying to analyze overhead is that most of the related
information is spread over a number of recommendations, technical books or research
papers, and to the best of our knowledge there is no paper modeling and discussing
the influence that all the overhead mechanisms have on di↵erent aspects of Mobile
WiMAX and LTE performance. Our dynamic overhead calculation methodology,
which involves both concepts of the Physical (PHY) layer and Media Access Control
(MAC) sub-level of the Data Link layer (Layer 2), takes into account all the possible
variables it depends on, which, as will be shown, are di↵erent in Mobile WiMAX
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and LTE.
Our approach can be considered as belonging to the group of models called rate-
control models. These models tackle the problem of maximizing data-rate taking
into account the combination of system configurations and data-rate provision as a
function of the load (rate) distribution [40, 41, 71]. The performance model is then
the near-optimum solution to provide the demanded data-rate in the target area
within the best system configuration. Although of great interest for 4G networks,
however, rate-control models have been less investigated [30, 66, 67, 72] since they
have non-linear relations between cell loads [41].
Taking into account these considerations, and aiming at reaching the aforemen-
tioned thesis goal, we have considered the following issues:
1. System Configuration. We have studied in detail the technological features
of LTE and Mobile-WiMAX, considering the di↵erent system configuration
options. We have modeled the available resources for each configuration and
resource formation and allocation types:
  As the number of users increases, the operational system overheads to
keep track of these users also increase. So, apart from the fixed system
overheads and data load consumed by the users, a dynamic overhead
calculation is required to know the remaining resources at each moment.
  The resource allocation mechanisms of the technology under study needs
to be mathematically formulated to obtain the available resources under
each specific configuration and to know to what extent each technology
shares these available resources between its users.
2. Service Profile. Those users located in the service area may demand di↵er-
ent services, have di↵erent signal reception conditions, and consume di↵erent
amount of system resources. Thus it is necessary for an accurate modeling
to elaborate a “Service Profile” definition to model the user’s condition and
demand.
3. System Capacity. An interactive algorithm is required to compare the system
available resources to the demanded resources aiming at determining whether
or not the resources can meet the new demands when other extra user tries to
enter the system. Figure 1.3 represent a flow chart of the proposed algorithm
to compute the capacity in both LTE and Mobile WiMAX systems. It consists
of two processes that works in parallel, and estimate, respectively, the amount
of real available resources (once those used for PHY+MAC overhead have
been removed, using a system configuration and a user distribution profile)
and the amount of resource consumed, using a service profile. n is an internal
incremental variable that accounts for the number of users. The algorithm
ends in providing the capacity as the maximum number of supported users
(N) fulfilling the condition that the available resources are greater than the
demanded ones.
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1.4 Related work
As motivated, the twofold purpose of this thesis consists in accurately modeling:
1) useful data throughput (which requires to compute in parallel the available re-
sources –removing those used for overhead– and the demanded resources by several
multi-service users), and 2) capacity (the maximum number of simultaneous multi-
service users that a cell is able to support with a given Quality of Service). Capacity
corresponds to the goodput (real throughput once overhead has been removed) of
the system at full-load. The obtained capacity can be used as the basis for network
design, planning and dimensioning purposes, as well as cost estimation of the new
generation cellular networks.
The state of the art related to the thesis purpose is mostly focused on the ca-
pacitating and dimensioning parts. Regarding this, it is worth mentioning that the
network development life cycle has several phases. From the technical point of view,
the most important phases can be classified into the following general stages: 1) Sys-
tem definition and analysis; 2) System design; and 3) Implementation and testing.
Most of the attention of the available literature is mostly drawn on the second phase,
the system design. However, in more complex networks, such as mobile networks,
the general phase of designing the system can be divided into further subclasses.
Among them we can mention: (a) capacitating and dimensioning, (b) operational
design, and (c) performance enhancement. Our study in this thesis is mostly focused
on the capacitating and dimensioning parts, and covers their extensive concerns. In
a cellular network such as Mobile WiMAX and LTE, by knowing how many users
can be supported by each specific hotspot, the number of required nodes to properly
cover the service area can be calculated.
Focusing first on Mobile WiMAX capacity studies, the previous, partially related
work in the literature are mostly focused on operational and enhancing phases of
designing a WiMAX system. As far as we know, none of these studies are con-
cerned with the twofold purpose of this thesis. Therefore, this section reviews the
related works that, although focusing on operational issues, play a key role in our
capacitating and dimensioning study.
Regarding this, a simple capacity estimation method for WiMAX systems has
been studied in [73], considering an OFDM-FDD frame structure. The cell capacity
results have been presented as a function of the number of users, but considering
only two types of tra c services (real-time and FTP). The authors conclude that
the capacity is highly correlated to the number of active users in the system, their
service types and the frequency reuse pattern. However, the calculations in this
paper are OFDM based and the vast details of TDD-OFDMA configurations are
not discussed.
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design, planning and dimensioning purposes, as well as cost estimation of the new
generation cellular networks.
The state of the art related to the thesis purpose is mostly focused on the ca-
pacitating and dimensioning parts. Regarding this, it is worth mentioning that the
network development life cycle has several phases. From the technical point of view,
the most important phases can be classified into the following general stages: 1) Sys-
tem definition and analysis; 2) System design; and 3) Implementation and testing.
Most of the attention of the available literature is mostly drawn on the second phase,
the system design. However, in more complex networks, such as mobile networks,
the general phase of designing the system can be divided into further subclasses.
Among them we can mention: (a) capacitating and dimensioning, (b) operational
design, and (c) performance enhancement. Our study in this thesis is mostly focused
on the capacitating and dimensioning parts, and covers their extensive concerns. In
a cellular network such as Mobile WiMAX and LTE, by knowing how many users
can be supported by each specific hotspot, the number of required nodes to properly
cover the service area can be calculated.
Focusing first on Mobile WiMAX capacity studies, the previous, partially related
work in the literature are mostly focused on operational and enhancing phases of
designing a WiMAX system. As far as we know, none of these studies are con-
cerned with the twofold purpose of this thesis. Therefore, this section reviews the
related works that, although focusing on operational issues, play a key role in our
capacitating and dimensioning study.
Regarding this, a simple capacity estimation method for WiMAX systems has
been studied in [73], considering an OFDM-FDD frame structure. The cell capacity
results have been presented as a function of the number of users, but considering
only two types of tra c services (real-time and FTP). The authors conclude that
the capacity is highly correlated to the number of active users in the system, their
service types and the frequency reuse pattern. However, the calculations in this
paper are OFDM based and the vast details of TDD-OFDMA configurations are
not discussed.
One key element in capacity estimation consists in properly defining a service
delivery model for the system under study. The service delivery model requires the
knowledge of available system resources, along with the resource consumption, also
known as “system load”. In Mobile WiMAX networks, the users may have di↵erent
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sets of tra c with di↵erent QoS requirements, be in di↵erent receiving conditions,
and use di↵erent coding and modulation schemes. Consequently, they may consume
quite di↵erent amounts of the system resources. Accordingly, the overhead required
to accommodate the users signaling and control information may vary, resulting
in varying amount of available resources. Hence, characterizing a service delivery
model turns into a complex problem.
The study done in [74] as a part of the Application Work Group of WiMAX
Forum, aims to model a consistent input for application-level profiles. The authors
provide statistical profiles that include tra c-mix ratio, data-session attempts for
applications, and diurnal-application tra c distribution. Regarding this, in our
work described next chapters, we use these data to define a simplified application
profile for our capacity estimation algorithm, although the implementation of the
detailed profile will be straightforward. The aforementioned paper [74] also studies
the system performance for VoIP and TCP applications, by presenting the maximum
number of users that the system can support for each of those applications. However,
they do not consider the co-existence of di↵erent applications. Furthermore, the
presented results correspond to those cases in which the entire frame is utilizing
a single MCS level, which means that the link adaption key feature has not been
considered. Other shortcomings of this study are that the resource overheads are
roughly estimated and that the impact of burst construction limitations in resource
allocation is not considered.
The authors in [75] discuss a conditional optimization problem in order to min-
imize the required amount of system shared resources, while the QoS requirements
of all the scheduled users are satisfied. This problem can be seen as a generic system
load model in which either the sum of time-frequency resources consumed by all the
users (rDL) or the sum of transmission power values consumed by all the users (pDL)
is considered as the restricting factor. In other words, the system will be fully loaded
when one of these two factors reaches its maximum available value. The system load
is optimal when resource/power allocation is minimized with respect to the set of
modulation and coding schemes (Q), the set of transmission power values (P) and
the set of frequency sub-channels (F) that are assigned to all the users in downlink,
uDL = min(f{max(rDL, pDL)}), (1.1)
where rDL and pDL represent, respectively, the corresponding normalized values (i.e.,
sum value divided by max value) for time-frequency resources and power. However,
as the authors of [75], the solution to this problem is an exhaustive search and is
inapplicable in practice.
An iterative solution for the aforementioned optimization problem has been dis-
cussed in [76] for WiMAX systems, using frequency diversity frame structure (i.e.,
PUSC). In this reference, the authors present a heuristic algorithms that aims to
minimize the sum of allocated resources (rDL) in a frame, while considering that
the resource and power constraints fulfill the QoS requirements of the scheduled
service flows. Note that because of the frequency diversity, the sub-channel con-
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straint F is eliminated. The iteration initiates by applying the highest MCS (i.e.,
the highest in Q set) to all the services, which implies the optimal use of the avail-
able resources and, accordingly, the highest transmission power. If the restricting
factors are exceeded, the algorithm selects one service flow and reduces its MCS
level, thus updating the Q set for the next iteration. The algorithm may iteratively
discard one service flow, in those cases in which the explored sets of Q do not ful-
fill the constraints. The presented solution imposes a high level of implementation
complexities. The real-time simulation of the presented algorithm involves massive
data correlations that make it inappropriate for network planning and capacitating
studies. The algorithm requires to keep track of the time-varying consumed trans-
mission power of all users, which, in practice, are randomly distributed within the
coverage area. Apart from this high complexity, the explored algorithm contains
a number of impractical assumptions. The number of scheduled services must be
known in advance, and discarding the service flows in those iterations in which the
constraints are not satisfied means increasing the dropping probability. The re-
source allocation is performed over the complete downlink subframe, and the fixed
and variable resource overheads are not taken into account. The resource allocation
in downlink subframe is assumed as contentious horizontal strips, which is against
the burst construction strategies defined by the standard.
The previous review suggests that there is no study that focuses on calculating
the capacity of WiMAX system by proposing the algorithm whose flowchart has
been represented in Figure 1.3. It compares the system available resources to the
demanded resources aiming at determining whether or not the resources can meet the
new demands when other extra user tries to enter the system. This work, published
in [69], will be described in Chapter 2.
On the other hand, when focusing on the related papers in LTE, performance
models can be classified into two basic categories: power-control based models and
rate-control models. The first one, formed by power-control based models, focuses
on power optimization by taking into account both the system configurations and
the service area as a function of Signal-to-Interference-plus-Noise Ratio (SINR) dis-
tributions [40,77]. Usually the involved powers are variables in optimizing objective
functions (Channel Quality, Quality of Service –QoS–, etc.) which, in turn, are
functions of SINR. There are several approaches for power optimization involving
non-linear objective functions in which an interference matrix contains non-linear
power coupling elements [78–81]. The second category of performance models, called
rate-control models, tackles the problem of maximizing data-rate taking into account
the combination of system configurations and data-rate provision as a function of
the load (rate) distribution. The model we propose in this paper belongs to this
rate-control approach. In contrast to power-control models, the service requirement
in rate-control models is not an SINR threshold, but a required data volume to be
served during a given time period [40, 41, 71]. The performance model is then the
near-optimum solution to provide the demanded data-rate in the target area within
the best system configuration. Although of great interest for LTE networks, how-
ever, rate-control models have been less investigated [30, 66, 67, 72] since they have
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non-linear relations between cell loads [41].
Among the research papers on LTE data-rate performance models, overhead is
usually estimated as either a constant value (regardless of operation conditions) [67],
or as a percentage of the total available resources [30, 57, 66, 72], or even assuming
some overhead mechanisms as negligible [82]. Regarding this, the data-rate model
in [82] aims at evaluating LTE performance, based on a clear overview of the basic
LTE features, including its di↵erent transmission schemes. However, due to its
introductory character, the fundamental concept of resource allocation in LTE has
not been analyzed in detail. As a consequence, the model does not consider that
overhead depends on the vast number of possible configuration flexibilities.
As mentioned, one of the approaches found in the literature consists in assuming
overhead as a constant value [67,83]. Specifically, the authors in [67] have expanded
the peak data-rate model with an overhead count for a single user, although assuming
a constant number of overhead controlling symbols per frame. Specifically, the
results described in this work correspond to 2 particular cases of 1 ⇥ 1 and 4 ⇥ 4
schemes (n-Tx ⇥ m-Rx) for the lowest and highest bandwidths and for a single user,
concluding that the throughput gain is proportional to the bandwidth expansion.
The dynamic overhead calculation and multi-user throughput scenario with adaptive
multi-antenna transmission techniques per user have not been considered.
Another interesting group of data-rate based models are those that assume over-
head as a percentage of the total amount of available resources [30, 57, 66, 72, 84].
Specifically, the data-rate performance model explored in [72] aims at estimating
LTE peak data-rate by considering that the transmitted data volume is equal to the
highest Transport Block Size (the one delivered by the MAC sub-level to the PHY
level during 1 TTI) allowed for a single user. RS overhead has been estimated as a
percentage of the total amount of RE: 4.8%, 9.5% and 14.3% for 1,2, and 4 trans-
mitting antennas respectively [72]. In a similar approach, the influence of overhead
on data rate has also been studied in [66], which focuses on describing a system
simulator that includes overhead for signaling and controlling as percentages of the
total resources. In particular, in DL, RS overhead have been assumed to be 4.55%,
9.09%, and 12.12% for 1, 2, and 4 receiving antenna, respectively, while control
overhead is assumed to be 1-3 symbols per subframe (about 12-21%). A third and
more recent work is [30], which explores the feasibility of using LTE for smart grids.
It makes use of a model that takes into account the number of REs available for the
PDCCH (within a downlink sub-frame) by subtracting those REs reserved for Phys-
ical Control Format Indicator Channel (PCFICH), Physical Hybrid-ARQ Indicator
Channel (PHICH), and RSs. However, SSs, at frame scale, have not been used in
this work. Also in the approach of modeling overhead as a percentage of total re-
sources, [84] has recently investigated the performance of signaling overhead caused
by keep-alive messages (generated from always-on applications) based on LTE Radio
Resource Control (RRC) state transition method for various RRC inactivity timer
settings, although without considering the handover related signaling.
A key point to note in the works reviewed so far is that overhead, as we under-
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stand it, refers to those REs that are used to carry out signaling, control and synchro-
nization information which involve tasks at PHI level and MAC sub-level. There are
however other research papers that, using a number of di↵erent viewpoints, tackle
particular aspects related to overhead, such as in tracking and paging [85–87], han-
dover [88,89], non-conventional CQI reporting schemes with reduced overhead [90],
core network signaling overhead [91], and those features related to overhead caused
by protocols’ header information in the levels above MAC sublayer [83, 92]. Re-
garding this miscellanea of heterogeneous papers with di↵erent approaches, all the
overhead-headers added by protocols in layers above the MAC sublayer will be
assumed in our approach as part of the protocol data unit (PDU) that the MAC
sublayer receives. Examples of protocols (above the MAC sublayer) very commonly
used in LTE are: Hypertext Transfer Protocol (HTTP) and Real-time Transport
Protocol (RTP) in Layer 5 (Application), or Transmission Control Protocol (TCP)
and User Datagram Protocol (UDP) in Layer 4 (Transport), or Internet Protocol
(IP) in Layer 3 (Network), or RObust Header Compression (ROHC) protocol in
Layer 2. For instance, Voice over IP (VoIP) in LTE uses the ROHC protocol for
IP/UDP/RTP header-compression, and a semi-persistent scheduling strategy to as-
sign resources to users (adequate for services characterized by periodic and frequent
transmission of small packets such as VoIP) [93–96]. TCP/IP protocols are more
used for mobile Internet, for which dynamic scheduling (every 1ms TTI) is more
used [92]. Regardless of the protocols used for one service or another (and whose
overhead-headers are already included in the PDU that the MAC sublayer receives),
the overhead at PHY+MAC level described must always be applied.
As a conclusion, the reviewed related papers suggest that overhead plays a key
role to accurately compute LTE and Mobile WiMAX performances (basically, data
throughput and capacity) in a variety of feasible configurations, and despite of this,
they have not received much interest in the technical literature to the point that, to
the best of our knowledge, there are no models containing all components and de-
pendencies. In view of the lack of an in-depth and comprehensive capacity and data
throughput-based performance model including the influence of all PHY + MAC
-related overhead contributions, we present the the thesis structure that follows.
1.5 Thesis structure
Based on the arguments in the previous section, the rest of this thesis is organized
as follows:
Chapter 2. We have just mentioned that the maximum number of users that a
mobile access point can support is a key parameter from both technical and
economical viewpoints, especially in a context of competence and financial and
economical crisis that does not seem to be over yet clearly. Specifically, in Mo-
bile WiMAX, this number is not easy to calculate because the Mobile Profile
of WiMAX technology, based on IEEE 802.16e standard, is able to support
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multi-application services along with a wide variety of implementation flexibil-
ities. This rich variety of operation configurations makes Mobile WiMAX more
di cult to model than other technologies. Regarding this, we describe in this
chapter a simple although flexible, performance data-rate method that we pub-
lished in [69] to estimate the maximum number of simultaneous multi-service
users that each specific Mobile WiMAX access point can support. When we
published our research [69] in 2012 there was two main technologies competing
for the International Mobile Telecommunications (IMT)-Advanced initiative,
WiMAX and LTE, and it was not clear at that moment which of the two would
win and lead the Broadband Mobile Internet [56]. The term capacity we have
used in [69] must be understood as the upper limit number of users imposed
by mandatory overhead used at Physical (PHY) layer and Medium Access
Control (MAC) sub-layer. Overhead resources are necessary for controlling,
signaling and synchronization tasks at the PHY and MAC layers, and play
a key role to accurately compute performance (basically, data goodput) in a
variety of possible configurations, despite not having received much interest in
the technical literature to the point that, to the best of our knowledge, there
is no complete model containing all components and dependencies. Specifi-
cally, one of the key aspect of our method consists in dynamically computing
all PHY+MAC overheads along with formulating the corresponding overhead
removal method which allows for computing an improved system goodput (or
real data throughput after overhead removal) with respect to users distribu-
tion and multi-burst construction strategy. To do this properly, the method
also contains a service delivery model that investigates the QoS requirements
of the services to be supported, along with elaborating an application pro-
file as a consistent input for capacitating and dimensioning studies. Thus
the method allows for estimating the minimum resource consumption for the
joint-application users at each given time. The core of our method consists
of an incremental algorithm which compares the optimal available resources
with minimum service demand for each number of users to arrive at maximum
system capacity. As will be shown throughout this chapter, by using the pro-
posed algorithm, we have studied di↵erent simulation scenarios based on the
most used WiMAX implementation parameters in practice. The simulation
results prove the significant roll of overhead calculation in performance evalua-
tion studies. Furthermore, these results can be used for network planning and
dimensioning purposes, as well as providing reference measures for scheduling
performance analysis and detailed simulations.
Chapter 3. Overhead resource elements in Long Term Evolution (LTE) networks
are used for some control, signaling and synchronization tasks at both the
Physical (PHY) level and Media Access Control (MAC) sub-level. This chapter
describes a comprehensive downlink data rate-based performance model that
aims at accurately computing all the overhead REs (and thus their correspond-
ing influence on data throughput, which, otherwise, would be overestimated),
within a unified framework including all the involved variables (bandwidth,
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resource allocation type, multiple antenna technology, Hybrid Automatic Re-
peat Request configuration, and number and reception conditions of users).
The model also allows for dynamically : 1) optimizing data throughput by se-
lecting, when possible, the configuration that minimizes overhead (not only in
single user scenarios, but also in multi-service, multi-user scenarios); and 2)
computing the maximum number of users per Transmission Time Interval, the
smallest interval in which LTE assigns resources to users. The model explains
why sometimes increasing the number of antennas in Multiple-input Multiple-
output (MIMO) schemes may lead to degrade bit rate rather than increase
it. This counterintuitive result is because of the additional overhead resources
required by higher order transmission schemes, which reduces the number of
resource elements available for user data.
Chapter 4. This chapter discusses the main conclusions obtained. Although,
when we began this thesis in 2012 there was two main technologies competing
for the International Mobile Telecommunications (IMT)-Advanced initiative
–WiMAX and LTE–, it was not clear at that moment which of the two would
win and lead the Broadband Mobile Internet. However, at present, the situa-
tion is clearer: LTE seems to be the undisputed winner for broadband cellular
implementations, while WiMAX has now been confined to very specific market
niches such as aviation industry, smart grids, point-to-point long distance and
high rate radio transmission, instead of point-to-mutiple-point cellular envi-
ronments. In any case, what LTE and Mobile-WiMAX do have in common
is that they are both very complex solutions which, apart from technologi-
cal similarities (such as use of OFDM technology), have many structural and
implementation di↵erences. Additionally, the standards that define these two
broadband mobile solutions, both contain numerous flexibilities. The config-
uration choices are left open for the vendors to find their optimal solution
according to their service area. The performance of these networks is there-
fore highly dependent on solving this complex optimized design problem i.e.
system vs. load. The network planning and optimize design in new generation
mobile networks is an active research line, specially in LTE, the clear winner.
High-level and, at the same time, accurate performance modeling are of high
value in planning cellular networks, as full scale dynamic simulations are not
a↵ordable in time and complication for large planning scenarios.
Chapter 2
Exploring the Maximum Number
of Simultaneous Multi-service
Users in Mobile WiMAX
We have mentioned in Chapter 1 that the maximum number of simultaneous,
multi-service users that a mobile access point can support is a key parameter from
both technical and economical viewpoints, especially in a context of competence and
financial and economical crisis that does not seem to be over yet clearly. Specifically,
in Mobile WiMAX, this number is di cult to calculate accurately because the Mobile
Profile of WiMAX technology, based on IEEE 802.16e standard, is able to support
multi-application services along with a wide variety of implementation flexibilities.
This rich variety of operation configurations makes Mobile WiMAX more di cult
to model than other technologies [56, 69].
Regarding this, we describe in this chapter a simple, although flexible perfor-
mance data-rate method that we have published in [69] to estimate the maximum
number of simultaneous multi-service users that each specific Mobile WiMAX access
point can support. When we published our research [69] in 2012 there was two main
technologies competing for the International Mobile Telecommunications (IMT)-
Advanced initiative [97], WiMAX and LTE, and it was not clear at that moment
which of the two would win and lead the Broadband Mobile Internet [56, 98]. The
term “capacity” we have used in [69] must be understood as the upper limit or maxi-
mum number of users imposed by mandatory overhead used at Physical (PHY) layer
and Medium Access Control (MAC) sub-layer. In both WiMAX and LTE systems,
overhead resources are necessary for controlling, signaling and synchronization tasks
at the PHY and MAC layers, and play a key role to accurately compute performance
in a variety of possible configurations, despite not having received much interest in
the technical literature to the point that, to the best of our knowledge, there is no
complete model containing all components and dependencies. Specifically, one of the
key aspect of our method consists in dynamically computing all PHY+MAC over-
heads along with formulating the corresponding overhead removal method which
allows for computing an improved system goodput (or real data throughput after
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overhead removal) with respect to users distribution and multi-burst1 construction
strategy. To do this properly, the method also contains a service delivery model that
takes into account the Quality of Service (QoS) requirements of those services to be
supported, along with an application profile as a consistent input for capacitating
and dimensioning studies. Thus the method allows for estimating the minimum
resource consumption for the joint-application users at each given time. The core
of our method consists of an incremental algorithm which compares the optimal
available resources with minimum service demand for each number of users to arrive
at maximum system capacity. As will be shown throughout this chapter, by using
the proposed algorithm, we have studied di↵erent simulation scenarios based on the
most used WiMAX implementation parameters in practice. The simulation results
prove the significant roll of overhead calculation in performance evaluation studies.
Furthermore, these results can be used for network planning and dimensioning pur-
poses, as well as providing reference measures for scheduling performance analysis
and detailed simulations.
2.1 Introduction
Mobile WiMAX, based on IEEE 802.16e standard [68], is one of the two main
technologies that started to compete for the IMT-Advanced initiative. In fact, Mo-
bile WiMAX is part of a broader set of standards grouped under the name IEEE
802.16. This is not an unique standard but also a family of standards which, focused
on the radio interface (air interface), aims at providing a wide variety of broadband
wireless services along with product certification. IEEE 802.16 is usually named
WiMAX. In particular, within this framework, the standard known IEEE 802.16-
2004 [99] has been developed to add Non-Line of Sight applications for being used
in fixed and nomadic networks, while IEEE 802.16e-2005 amendment [100] has been
designed for supporting mobility requirements for a variety of applications.
The WiMAX Forum states a “mobile system profile” [101] for Mobile WiMAX
technology interoperability, which is based on a number of mandatory and optional
standards, focused on key features in the PHY (Physical) layer and MAC (Medium
Access Control) sublayer, in a Point to Multiple Point (PMP) operating mode.
However, this profile contains a wide range of implementation flexibilities so that
some decisions such as the choice of scheduling methods or the resource allocation
techniques are left up to the vendors. Therefore, there have been many studies on
its technical improvements and service provision capabilities [73, 74, 102–106].
Nevertheless, WiMAX capacity analysis is still remained as a complex problem.
Just in this respect, and in the e↵ort of developing a capacity estimation method-
ology for novel generation wireless networks, there are many aspects, ranging from
air-link to applications, which must be integrated. For WiMAX systems these figures
include, but are not limited to:
1As presented in Chapter 1, a “burst” or data region is a two-dimensional (time, frequency)
allocation of slots (the minimum unit to be allocated to a user) in the OFDMA frame.
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1. System characteristics [54–61,63,68,100,101,107–111]
2. Service provision strategies [104,112–117],
3. Coverage model [104]
4. Load distribution [73–75,102,104–106,112–116]
5. Quality of Service analysis [62, 118,119]
6. Forecasting mobile broadband tra c [120]
7. Energy saving considerations [121–124]
8. Scheduling issues [122,125–134]
9. Comparative studies between Mobile WiMAX and LTE [57,107,135–139]
10. Integration of LTE and mobile WiMAX networks [140–142]
Nota that any of the aforementioned topics contains considerable implementation
complexities so that the evaluation of the complete system performance requires
massive simulations [74, 103, 143]. For further details about key issues related to
system-level modeling of Mobile WiMAX networks the interested reader is referred
to [104].
Regarding these considerations, the purpose of this chapter is to summarize the
extensive multiple elements involved in the capacity estimation problem and solve
this problem for Mobile WiMAX systems. In this chapter, the term capacity refers
to the maximum number of simultaneous multi-service users that each specific Mo-
bile WiMAX access point can jointly support (cell goodput2). We have developed a
dynamic PHY+MAC overhead computation method which is able to achieve an im-
proved system goodput with respect to users distribution and multi-burst construc-
tion strategy. Our solution focuses on the practical capacity provision capabilities of
a WiMAX hotspot by considering the operational details. Specifically, we propose a
dynamic and simple algorithm that, at each given condition and for each number of
users, calculates the system available resources and compares it with users resource
consumption. As long as there is enough resource to support additional users with
their QoS requirements, the algorithm increments number of supported users and,
at last, finds the largest number of supported users of the hotspot that is charac-
terized with input parameters. This way, the network planner has the key data
that is required to solve the optimization problem of covering a specific service area.
These information are: (a) which type of access point to be used (determined by
the specific input parameters of each sector) and (b) how many hotspot of that type
to be implemented (determined by capacity and number of users to be supported).
2In a general context, goodput refers to the application-level data throughput. The amount of
data considered excludes protocol overhead bits as well as retransmitted data packets. Because of
that, the “goodput” is lower than the throughput.
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Furthermore, by knowledge of the two key features above, the operators can have a
good approximation for investment estimation of network deployment.
The rest of this chapter is organized as follows. Section 2.2 focuses on selecting
and explaining those key figures of Mobile WiMAX that will assist us in clearly
describing our model. With such concepts, Section 2.3 presents an overview of the
previous works related to capacity estimation for WiMAX systems. For the sake of
clarity, Section 2.4 introduces a previous overview of our capacity estimation algo-
rithm. This will assist us in acquiring a global picture of the concepts involved. To
proceed further with the deepest details involved, Section 2.5 focuses on describing
PHY+MAC overhead components, and in modeling their influence on the system’s
available resources, by formulating a PHY+MAC overhead removal methodology,
with a look over resource allocation strategies. In Section 2.6 we present a system
delivery model based on data-rate requirements of di↵erent services to be supported
and elaboration of a statistical application profile. Computer simulations and nu-
merical results are presented in Section 2.7 followed by a conclusion at last section.
For the sake of clarity, Table 2.1 lists the acronyms used in this chapter.
Table 2.1: List of acronyms used in this chapter.
AMC Adaptive Modulation and Coding
ARQ Automatic Repeat Request
BE Best E↵ort
BLER Block Error Rate
BS Base Station
CBR Constant Bit Rate
CC Convolutional Coding
CID Channel IDentifier
CR Contention Ratio
CRC Cyclic Redundancy Check
CTC Convolutional Turbo Coding
DCD/UCD Downlink/Uplink Channel Descriptor
DL Downlink
ErtPS Extended Real-time Polling Service
IE Information Element
MCS Modulation and Coding Scheme
MS Mobile Station
nrtPS Non Real-time Polling Service
PUSC Partially Used Sub-Carrier
QoS Quality of Service
RRM Radio Resource Management
RTG/TTG Receive/Transmit Transition Gap
rtPS Real-time Polling Service
SDU/PDU Service/Protocol Data Unit
SNIR Signal to Noise plus Interference Ratio
SOFDMA Scalable Orthogonal Frequency Division Multiple Access
TDD/FDD Time/Frequency Division Duplex
UGS Unsolicited Grant Service
UL Uplink
VBR Variable Bit Rate
2.2 Technical Background
In this section we present a review on the main aspects of the Mobile WiMAX
standard that play a role in our capacity estimation methodology. First, two subsec-
tions review the PHY features of the standard, while the third subsection describes
the data mapping procedure from higher layers into MAC and PHY levels. The last
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two subsections focus on the features of the WiMAX technology that are essential
for Radio Resource Management (RRM) strategies.
2.2.1 An overview of Mobile WiMAX frame
The standard [68] defines both Time Division Duplex (TDD) and Frequency Di-
vision Duplex (FDD) modes for the PHY layer, which uses Orthogonal Frequency
Division Multiple Access (OFDMA) technique. In this chapter we have consid-
ered TDD-OFDMA since, when we published this work [69], the first releases were
expected to use only TDD.
Figure 2.1 will assist us in introducing the main concepts involved. It basi-
cally represents a simplified structure of a TDD-OFDMA frame, which is a two-
dimensional grid in time (t) and frequency (f).
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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Figure 1.1: OFDMA-TDD Frame structure indicating control messages and resource
allocation procedure.
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1.2.3 Frequency Domain and Subchannelization in Frame
Structure
In the frequency domain, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a number of “sub-channels”.
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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1.2.3 Frequency Domain and Subchannelization in Frame
Structure
In the frequency domain, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a number of “sub-channels”.
OFDMA multiple access is not the only specificity of OFDMA PHY. Another key
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6 Technical Background
  The data region is called “burst” and is a two-dimensional allocation of a
group of slots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbols [?].
  Th other frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is us for time synchronization.
⇧ The “downlink map” (DL-MAP) and “uplink map” (UL-MAP), which
define both the burst-start time and burst-end time, along with the modu-
lation schemes and forward error con rol (FEC) technique for each mobile
station (MS).
⇧ A “Frame Control Header” (FCH), which specify the lengths and usable
subcarriers to be used in these MAPs.
Note that the user’ resource allocation is don in terms of bursts as represented in
??. M bile WiMAX supports adaptiv modulation and coding, i.e., the modulation
and coding can be changed adaptively depending on the channel condition. Either
the MS or the BS can estimate the channel quality so that the BS decid s the most
e cient modulation and coding scheme (MSC). Channel Quality Indicator (CQI) is
used to pass the channel state condition information.
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1.2.2 The Time Domain in the Frame Structure
In time dim nsion we have represented a 5-ms-length frame F`, which, in turn,
is formed by the DL subframe and the UL subframe. The DL tra c goes from the
base station (BS) to a subscriber station or mobile station. The UL tra c goes
from a mobile or subscriber station to the base station [37]. The DL subframe and
the UL subframe within a give frame F` are separated by a gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the next one,
frame F`+1 is called “Receive Transition Gap” (RTG). A given frame F` contains
a number N of OFDMA symbols in the DL subframe and M OFDMA sy bols i
the UL subframe, whose important details fo the purpose of this chapter will
shown later on. The complete frame consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
represented by a “DL:UL symbol ratio”. For instance, 35 symbols in DL and 12
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is6 Technical Background
  he data region is calle “burst” and is a two-di ensional allocation of a
group of lots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbol [?].
  The ther frame parts used for signaling, control and synchronization [?] are:
⇧ A “preamble”, which is used for time synchronization.
⇧ The “ own i k map” (DL-MAP) nd “uplink map” (UL-MAP), which
efine both the burst-st rt time and burst-end time, along with the modu-
l tion schemes and forward error control (FEC) technique for each mobile
station MS).
⇧ A “Fr me Control Header” (FCH), which specify the lengths and usable
su carriers to be used in these MAPs.
next
frame
DL-MAP
UL-MAP
FCH
Note that the user’ resource alloca ion is d ne in terms of bursts as represented in
??. Mobile WiMAX supports adaptive modulation and coding, i.e., the modulation
and coding can be changed adaptively depending on the channel condition. Either
the MS or the BS can estimate the channel quality so that the BS decides the most
e cient modulation and coding sch me (MSC). Channel Quality Indicator (CQI) is
used to pass the channel state condition informati .
1.2.2 The Time Domai in the Frame Structure
In tim dimension we h ve represented a 5-ms-length frame F`, which, in turn,
is formed by the DL su frame and the UL ubframe. The DL tra c goes from the
base stati n (BS) to a subscr ber tation or mobile station. The UL tra c goes
from mobile o subscriber station to the base station [37]. The DL subframe and
the UL subframe within a give frame ` re separated by a gap time whose name
is “Transmit Transition Gap” (TTG). The gap between frame F` and the next one,
frame F`+1 i called “Receive Transition Gap” (RTG). A giv n frame F` contains
a number N of OFDMA symbols in the DL subframe and M OFDMA symbols in
the UL subframe, whose important details for the purpose of this chapter will be
shown later on. The complete frame consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
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??. Mob le WiMAX supports adaptive modulation and oding, i.e., the odul tion
and coding can be cha ged adaptively depending on the chan el condition. Either
the MS or t e BS ca es imate the channel q ality so that the BS decid s the most
e cient modulation and coding scheme (MSC). Channel Quality Indicator (CQI) is
used to pass the cha nel state condition inform tion.
1.2.2 The Time Domain in the Frame S ru tu e
In time dimension we have represented a 5-ms-length frame F`, which, in tu n,
is formed by the DL subframe and t e UL subfram . The DL tra c goes from e
base station (BS) to a ubscriber station or mobile tatio . The UL ra c goes
from a mobile r subscriber tation to th base station [37]. Th DL subframe and
the UL subframe within a give frame F` are separated by a gap ti whos name
is “Transmit Transiti n Gap” (TTG). The gap betwe n fr me F` and the nex one,
frame F`+1 is called “Receive Transition Gap” (RTG). A given fram F` cont ins
a number N of OFDMA symbols in the DL subfr me an M OFDMA symb ls in
the UL s bframe, w ose important details for the purpose of this chapter will e
shown later on. The complete frame consists of 47 OFDM symbols, f r the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to sup rt asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wav . If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol uration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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le ent is the fact th its OFDM tr nsmission is scalable. Although this specific
word has ot been used in the standard, OFDMA PHY is s id to have “Scalable”
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  The ata region is called “burst” and is a two-dimensional allocation of a
group of slots. i.e., a group contiguous sub-channels, in a group of contiguous
OFDMA symbols [?].
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⇧ Th “downlink map” (DL-MAP) nd “uplink map” (UL-MAP), which
define both t e burs -start time nd burst- nd i e, long wi h the modu-
lation schemes and forward error contr l (FEC) technique for e ch mobile
station (MS).
⇧ A “Frame Co trol Header” (FCH), which specify t e lengths and usable
subcarriers t be used in these MAP .
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shown later on. T e complete fra e consists of 47 OFDM symbols, for the aforesaid
bandwidths (transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
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metric tra c). N and M can take i↵erent allowed val es constrained to the re-
striction N +M = 47 symbols. The way the N +M symbols are distributed is
Figure 2.1: Simplified represe tation of t e OFDMA-TDD Frame structu e in Mo-
bile WiMAX. TTG and RTG stand for “Transmit Transition Gap” and “Receive
Transition Gap”, respectively.
Specifically:
  In time dimension, the frame basically consists of a downlink (DL) subfr m
and uplink (UL) subframe [56]. Each of them transports a number of OFDM
symbols, whose details we postpone to Subsection 2.2.2.
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  In frequency dimension, the frame consists of a number of orthogonal sub-
carriers (SCs) grouped into “sub-channels”, whose details will be shown in
Subsection 2.2.3.
This 2-dimensional frame can be considered as formed by “elemental units” in
time and frequency called “slots”. A “slot” (yellow rectangle in Figure 2.1) is the
minimum possible data allocation unit (MAU) in the 802.16 standard. Most of
the frame slots (white areas in Figure 2.1) are used to transmit users’ data. Each
of these user’s data region is called “burst” and is a two-dimensional allocation of
slots, that is, a group of contiguous sub-channels transporting a set of contiguous
OFDMA symbols [70]. However, part of the frame (gray area) must be reserved for
the proper system operation (synchronization, signaling, and control). Although it
will be explained in detail later on, we motivate here the need form some of these
elements. For instance, a “preamble” is used for time synchronization, while the
“downlink map” (DL-MAP) and “uplink map” (UL-MAP) are used to communicate
both the burst-start time and burst-end time, along with the modulation schemes
and forward error control (FEC) technique for each mobile station (MS). The other
remaining element in Figure 2.1, the “Frame Control Header” (FCH), is used to
specify the lengths and subcarriers to be used in these MAPs.
With this introduction in mind, Subsections 2.2.2 and 2.2.3 focuses on describing
time and frequency domains details, respectively.
2.2.2 The Time Domain in the Frame Structure
In time dimension, frame F` has a length of 5 ms. and is divided into a DL
and UL subframes. As represented in Figure 2.1, the DL subframe and the UL
subframe within frame F` are separated by a gap time whose name is “Transmit
Transition Gap” (TTG). The gap between frame F` and the next one, frame F`+1
is called “Receive Transition Gap” (RTG). A given frame F` contains a number
N of OFDMA symbols in the DL subframe, and M OFDMA symbols in the UL
subframe, whose important details for the purpose of this chapter will be shown later
on. The complete frame consists of 47 OFDM symbols, for the aforesaid bandwidths
(transition gaps excluded).
A key point to note is that the duration of both the DL subframe (N OFDMA
symbols) and that of the UL subframe (M symbols) is adjustable (to support asym-
metric tra c). N and M can take di↵erent allowed values constrained to the re-
striction N + M = 47 symbols. The way the N + M symbols are distributed is
represented by a “DL:UL symbol ratio”. For instance, 35 symbols in DL and 12
(“35/12” for UL for the ratio of 3:1). This strategy leads to the following allowed
DL/UP ratios: 35/12, 34/13, ..., N/M, · · · , 26/21, where N +M = 47 symbols.
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [68, 143]: it copies a portion of the ending of
the useful symbol to the beginning of the OFDMA signal wave. If Tb represents the
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useful symbol duration, and TG the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32 [68, 143]. As long
as the CP duration is larger than the channel delay spread, the ISI is completely
eliminated [68,143].
Once we know the most important details of the frame in the temporal dimension,
the goal now is to explore the key details in the frequency domain that will assist is
explaining our capacity model.
2.2.3 Frequency Domain and Subchannelization in Frame
Structure
As mentioned in Subsection 2.2.1 when introducing the OFDMA-TDD frame, in
the frequency domain, the total number of OFDMA sub-carriers are grouped into
a number of “sub-channels”. Besides this, another key element in Mobile WiMAX
is the fact that its OFDMA scheme is scalable. Although this specific word has
not been used in the standard, OFDMA PHY is said to have “Scalable” OFDMA
(SOFDMA). The scalability is the change of the FFT size, and thus the number of
subcarriers. The mandatory supported FFT sizes for mobile WiMAX profiles are
1024 and 512.
The total number of available subcarriers per symbol is determined by the
FFT size, which in turn depends on the system bandwidth BW. The scalability in
OFDMA-PHY in Mobile WiMAX implies that, as the system bandwidth increases,
the FFT size increases correspondingly so that the subcarrier spacing remains fixed
on 10.97 kHz. This value is chosen to maintain the subcarriers orthogonally, and
results in a fixed symbol duration (Tb = 91.4 µs, G = 1/8).
Among all the available subcarriers, not all of the subcarriers are assigned to
carry data. There are a number of guard subcarriers and a DC subcarrier that do
not transmit any data (Null subcarriers) and a number of pilot subcarriers that
are distributed within the symbols based on the applied permutation mode. In this
respect, subcarriers are allocated using the so-called “OFDMA permutation modes”,
which are basically as follow:
  Diversity (or distributed) permutations. Subcarriers are distributed pseudo-
randomly. This type includes, among others, the PUSC (Partial Usage of the
SubChannels) permutation, which is mandatory in both DL and UL. The main
advantages of distributed permutations are frequency diversity and intercell
interference averaging.
  Contiguous (or adjacent) permutations. These consider a group of adjacent
subcarriers. This family includes the AMC (Adaptive Modulation and Coding)
mode. This type of permutation leaves the door open for the choice of the
best-conditions part of the bandwidth. Channel estimation is easier as the
subcarriers are adjacent. AMC is mandatory for both DL and UL.
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Specifically, the mandatory PUSC permutation mode divides pseudo-randomly
the OFDMA subcarriers into a number of sub-channels with 48 SCs. Thus, PUSC
is a distributed permutation mode that results in the desired frequency diversity for
mobile communications. Table 2.2 illustrates the PUSC mode characterization for
5 and 10 MHz channel widths.
Table 2.2: Summary of SOFDMA PHY parameters in PUSC mode as a function of
the bandwidth BW. SC means subcarrier.
BW FFT Size
No. Data SCs No. Pilot+Null SCs No. Sub-Channels
DL UL DL UL DL UL
5 MHz 512 360 272 60+92 136+104 15 17
10 MHz 1024 720 560 120+184 280+184 30 35
To complete this subsection focuses on frequency-related aspects, it is worth
mentioning that di↵erent Frequency Reuse Patterns (FRPs) can be implemented
over frequency resources of a WiMAX frame. A (1,1,3) pattern divides the available
BW of a cell over 3 sectors (1/3 BW per sector), while in the (1,3,3) pattern,
one frequency band is available for each sector (BW per sector). However, some
improvements to frequency reuse schemes are available [103].
2.2.4 Data Mapping
Each IP Packet is associated to an MAC SDU (Service Data Unit). In the
presence of ARQ (Automatic Repeat reQuest) mechanism, the transmitter may
divide each SDU into fragments, whose lengths are specified by using the ARQ-
BLOCK-SIZE parameter [70,102,144,145]. The value of this parameter (in number
of bytes) is set by a negotiation process during the connection creation dialog [144,
146]. The sets of the corresponding ARQ blocks, which have been selected for
transmission, have then to be encapsulated forming a MAC PDU (Protocol Data
Unit), whose main characteristics for the purpose of this chapter are as follows.
First, the formation of this element MAC-level PDU requires to add a 6-byte generic
header at the beginning of the received set of blocks, and also a 32-bit CRC block
at the end. Additionally, a fragmentation sub-header is inserted in the PDU, if
all the ARQ blocks are contiguous and related to the same SDU. If this is not the
case, a packetization sub-header appears between two adjacent ARQ blocks that
belong to di↵erent SDUs and are encapsulated in a single PDU. In other words,
the existence of fragmentation/packetization sub-header in a PDU is a mutually
exclusive operation. At physical level, each MAC-PDU is partitioned into groups of
bytes, which are modulated and coded according to the profile of the corresponding
burst allocated for transmission.
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2.2.5 Resource Allocation
The minimum possible data allocation unit (MAU), assigned to a connection
by the scheduler, is, as mentioned before in Subsection 2.2.1, a slot, which is a
two-dimensional entity in time and frequency. The number of available slots in
either the DL or UL subframes depends on: (a) the number of OFDMA symbols in
each subframe, specified by the DL:UL symbol ratio; and (b) the applied subcarrier
Permutation Mode. Using PUSC permutation, the 48 data subcarriers of a DL
sub-channel are equally divided over 2 OFDMA symbols (24+24), while, in UL, the
subcarriers are spread over 3 symbols following a (12+24+12) scheme [70,103]. Each
slot may carry di↵erent amounts of data-bits depending on the applied modulation
and FEC (Forward Error Correction) channel coding level, resulting in di↵erent
data-block-size per sub-channel. IEEE 802.16e standard supports QPSK, 16-QAM
and 64-QAM modulation with various rates of convolutional codes (CC) or turbo
codes (CTC), while the support for 64-QAM is optional in uplink. Table 2.3 lists the
block size (bits) related to each Modulation and Coding Scheme (MCS) in PUSC
mode.
Table 2.3: Block-size (bits) as a function of the Modulation and Coding Scheme
(MCS) in PUSC (Partially Used SubCarrier) permutation mode.
Tab Modulation CTC Block Size (bit) Min SNR Weight
1 QPSK 1/2 48 2.9 0.20
2 QPSK 3/4 72 6.3 0.17
3 16-QAM 1/2 96 8.6 0.20
4 16-QAM 3/4 144 12.7 0.13
5 64-QAM 1/2 144 13.8 0.15
6 64-QAM 2/3 192 16.9 0.10
7 64-QAM 3/4 216 18 0.05
Figure 2.2 will assist us in explain better some important topics in resource allo-
cation. As represented, a contagious series of slots can be assigned to a given user,
called “user data-region”. A data region, commonly depicted as a rectangle, is a two
dimensional allocation of a group of contiguous sub-channels (i.e.: with contiguous
logical numbers) in a group of contiguous OFDMA symbols. Each data-burst may
contain a number of data-regions, and each subframe may contain several burst of
varying size (with maximum number of 16 bursts in DL [101]). When a specific
DL-burst is meant for a given MS (Mobile Station), the burst properties along with
the unique Connection Identifier (CID), are some of the pieces of that compose the
corresponding “Information Element” (IE) within the DL-MAP message. Note that
each MS may simultaneously request di↵erent applications, hence having di↵erent
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connections and di↵erent CIDs. All users track the DL-MAP, so that each user
receives the downlink data which is addressed to its specific CID. The DL-MAP-IE
informs the user about the rectangular place of the DL resource allocation within
the DL subframe, as well as the necessary information for decoding the message.
Similarly, the resource allocation in UL is specified with UL-MAP-IEs, although the
UL data burst is allocated as a horizontal strip per subscriber. The transmission
starts at a particular slot, and continues during the entire UL subframe. The ho-
rizontal allocation is used to minimize the number of subcarriers for each MS and
hence maximizes the power per subcarrier.
10 Technical Background
A contagious series of slots can be assigned to a given user, called “user data-
region”. In other words, a data region, commonly depicted as a rectangle, is a two
dimensional allocation of a group of contiguous sub-channels (i.e.: with contiguous
logical numbers) in a group of contiguous OFDM symbols. Each data-burst may
contain a number of data-regions, and each subframe may contain several burst
of varying size (with maximum number of 16 bursts in DL [42]). As shown in
Figur 1.2, when a specific DL-burst is meant for a given MS (Mobile Station), the
burst prop rties along with the unique Connec ion Identifier (CID), are reflected
in the corresponding “Information Element” (IE) within the DL-MAP message.
Note that each MS may simultaneously request di↵erent applications, hence having
di↵erent connections and di↵erent CIDs. All users track the DL-MAP, so that each
user receives the downlink data which is addressed to its specific CID. The DL-
MAP-IE informs the user about the rectangular place of the DL resource allocation
within the DL subframe, as well as the necessary information for decoding the
message. Similarly, the resource allocation in UL is specified with UL-MAP-IEs.
However, the UL data burst is allocated as a horizontal strip per subscriber. The
transmission starts at a particular slot and continues during the entire UL subframe.
The horizontal allocation is used to minimize the number of subcarriers for each MS
and hence maximizes the power per subcarrier.
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Figure 1.2: OFDMA-TDD Frame structure indicating control messages and resource
allocation procedure.
1.2.6 Application Classes and QoS
The overall applications to be supported with Mobile WiMAX are classified
into 5 major categories by WiMAX Forum [97]. These classes are: Interactive
Gaming, VoIP, Streaming, Web Browsing, and File Transfer. The major metrics
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
re other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
f   OFDMA Symbol Offset
1 2 4 5 6 7 8 9 ??? N TTG 1 2 3 4 ??? M RTG
Su
b-
C
ha
nn
el
 L
og
ic
al
 N
o.
1 FCH   UL  Sub-channel Offset ??? ???
2 MAP
3
Pr
ea
m
bl
e
Sample UL-Bu rst4
DCD Sample No. Sub-
5 DL - Burst Cha nnel
6 UCD
7 DL ??? ACK ???
??
? No. OFDMA Symbols
??
?
??
?
??
?
??
?
??
?
MAP ??? ???
??
?
R
an
gi
ng
n-1 UL CQICH
n MAP ??? ???
t
DL Subframe UL Subframe
5 msec OFDMA Frame
 DL- MAP- IE 
DIUC (4 bits)
No.CIDs (8 bits)
CID (16 bits [xn])
Symbol Offset (8 bits)
Sub-Channel Offset (6 bits)
No. OFDMA Symbol (7 bits)
No. Sub-channel (6 bits)
Repetition (2 bits)
Boosting (3 bits)
Figure 1.1: OFDMA-TDD Frame structure indicating control messages and resource
allocation procedure.
t
f
TTG
RTG
1.2.3 Frequency Domain and Subchannelization in Frame
Structure
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OFDMA multiple access is not the only specificity of OFDMA PHY. Another key
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As represented in Figure 1.2, a contagious series of slots can be assigned to a given
user, called “user data-region”. In other words, a data region, commonly depicted
as a rectangle, is a two dimensional allocation of a group of contiguous sub-channels
(i.e.: with contiguous logical numbers) in a group of contiguous OFDM symbols.
Each data-burst may contain a number of data-regions, and each subframe may
contain several burst of varying size (with maximum number of 16 bursts in DL [42]).
As shown in Figure 1.2, when a specific DL-burst is meant for a given MS (Mobile
Station), the burst properties along with the unique Connection Identifier (CID),
are reflected in the correspondi g “Information Element” (IE) within the DL-MAP
message. Note that each MS may simultaneously request di↵erent applications,
hence having di↵erent connections and di↵erent CIDs. All users track the DL-MAP,
so that each user receives the downlink data which is addressed to its specific CID.
The DL-MAP-IE informs the user about the rectangular place of the DL resource
allocation within the DL subframe, as well as the necessary information for decoding
the message. Similarly, the resource allocation in UL is specified with UL-MAP-IEs.
However, the UL data burst is allocated as a horizontal strip per subscriber. The
transmission starts at a particular slot and continues during the entire UL subframe.
The horizontal allocation is used to minimize the number of subcarriers for each MS
and hence maximizes the power per subcarrier.
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user, called “user data-region”. In other words, a data region, commonly depicted
as a rectangle, is a two dimensional allocation of a group of contiguous sub-channels
(i.e.: with contiguous logical numbers) in a group of contiguous OFDM symbols.
Each data-burst may contain a number of data-regions, and each subframe may
contain several burst of varying size (with maximum number of 16 bursts in DL [42]).
As shown in Figure 1.2, when a specific DL-burst is meant for a given MS (Mobile
Station), the burst properties along with the unique Connec ion Identifier (CID),
are reflected in the corresponding “Information Element” (IE) within the DL-MAP
message. Note that each MS ay simultaneously request di↵erent applications,
hence having di↵erent connections and di↵erent CIDs. All users track the DL-MAP,
so that each user receives the downlink data which is addressed to its specific CID.
The DL-MAP-IE informs the user about the rectangular place of the DL resource
allocation within t e DL subframe, as well as the necessary information for decoding
the message. Similarly, the re ource allocation in UL is specified with UL-MAP-IEs.
How ver, the UL data burst is allocated as a horizontal strip per subscriber. The
transmission starts at a particular slot and continues during the entire UL subframe.
The horizontal allocation is used to minimize the number of subcarriers for each MS
and hence maximizes the power per subcarrier.
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uplink sub-frame are broadcast by the BS through the “DL-MAP broadcast mes-
sage”, in the second symbol, as shown in Figure ??. In addition to DL-MAP, there
are other parts of the frame (Preamble, frame control header (FCH), etc.) than are
not used for users’ data and whose details will be explain in Subsection ??
Aiming at mitigating the Inter Symbol Interference (ISI), a Cyclic Prefix (CP)
has been introduced in the standard [39,96]: it copies a portion of the ending of the
useful symbol (Tb) to the beginning of the OFDM signal wave. If Tb represents the
useful symbol duration, TG is the corresponding “Guard Time”, then the OFDMA
symbol duration will be TS = Tb + TG. The guard time TG = Td/G increased with
an order of 1/G, where G can have a value of 4, 8, 16 or 32. As long as the CP
duration is larger than the channel delay spread, the ISI is completely eliminated.
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1.2.3 Freque cy Domain and Subchannelization in Frame
Struc ure
In the freq ency d main, as mentioned before, the total number of OFDM sub-
carriers (SCs) are grouped into a number of “sub-channels”.
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1.2.6 Application Classes and QoS
The overall applications t be supported with Mobile WiMAX are classified
into 5 major categories by WiMAX Forum [97]. These classes are: Interactive
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Figure 2. - Frame structure indicating control messages and resource
a locati . See the main text for further details.
We completed the description of igure 2.2 with the the Downli k Channel
Descriptor (DCD) and Uplink Channel Descriptor (UCD) messages, which are sent
periodically whenever the link conditions change and new channel profile must be
introduced to MSs. The concepts of preamble (for time synchronization), DL-MAP
and FCH have already been explained in Subsection 2.2.1.
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2.2.6 Application Classes and Quality of Service
The overall applications to be supported with Mobile WiMAX are classified into
5 major categories by WiMAX Forum [147]. These classes are:
1. Interactive Gaming
2. VoIP
3. Streaming
4. Web Browsing
5. File Transfer.
The major metrics for this classification are the data-rate, the latency and the
jitter requirements of each application. For each application (i.e., data service),
these parameters must be known by the system aiming at guaranteeing a quality
user experience. In other words, based on the QoS (Quality of Service) requirements
for the di↵erent existing data services, the system decides on their transmission
ordering and scheduling on the air interface. In WiMAX, this task is done by
assigning “Service Flows” to each connection between the BS and the MS at MAC
level. In fact, a service flow is a unidirectional flow of packets that is provided with
a particular set of QoS parameters. These service flows, listed in decreasing serving
priority order [147], are:
1. Unsolicited Grant Service (UGS)
2. Real-time Polling Service (rtPS)
3. Extended Real-time Polling Service (ErtPS)
4. Non Real-time Polling Service (nrtPS)
5. Best E↵ort (BE).
The properties of these services flows will be further studied in Section 2.6.2.
Prior to this, what we can say in this chapter point is that a typical service flow
management strategy for WiMAX systems is composed of the following steps [117]:
1. An admission control mechanism determines whether or not a new request for
a connection can be satisfied according to the remaining free resources
2. A bu↵er manager controls the bu↵er size
3. A scheduling mechanism determines the sending sequence of the packets of the
admitted connections. The scheduler decides which ones to send and when to
send.
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Thus, there may be one separate queue for each service flow and each user.
The scheduler matches the channel rates (frequency resources) with respect to users
channel quality and assigns the transmission slots within the frame (time resources)
according to the priority of each service flow. A scheduler design for multiple traf-
fic classes in OFDMA networks has been proposed in [112]. This scheduler has
been found to be well suited for WiMAX systems. In the research work [112], the
traditional Modified Largest Weighted Delay First (MLWDF) scheduling scheme is
extended for multiple tra c classes, where the used scheduling metrics are: Head
of line packets waiting time for restricted delay tra c and queue length information
for BE tra c. In another study [105], the scheduling has been viewed as a cross-
layer scheme for AMC permutation mode. The resources are allocated with respect
to the MAC and PHY joint responses for di↵erent QoS requirements. Since the
scheduling algorithms for WiMAX are not standardized, a considerable number of
other studies may be found in the literature. For detailed information, the reader
is referred to [106] that summarizes various scheduling strategies and provides per-
formance evaluation comparisons on di↵erent methods. For the sake of clarity, in
this chapter, we do not simulate a complex smart scheduler, and instead, we have
replaced its complexity with a simple statistical tra c model, introduced in Section
2.6.2, called “application profile” in Subsection 2.6.2
With this information in mind, we now have enough knowledge to understand
what other scientists have done in this research area. This is just the purpose of the
following section.
2.3 Related Work
The network development life cycle has several phases. From the technical point
of view, the most important phases can be classified into the following general stages:
  System definition and analysis
  System Design
  Implementation and Testing
The attention of the available literature is mostly drawn on the second phase,
the system design. However, in more complex networks, such as mobile and wireless
networks, the general phase of designing the system can be divided into further
subclasses. Among them we can mention: (a) capacitating and dimensioning, (b)
operational design, and (c) performance enhancement. Our study in this chapter is
mostly focused on the capacitating and dimensioning parts, and covers its extensive
concerns. In a wireless network such as Mobile WiMAX, by knowing how many
users can be supported by each specific hotspot, the number of required hotspots to
properly cover the service area can be calculated.
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The previous studies in the literature are mostly focused on operational and
enhancing phases of designing a WiMAX system. As far as we know, none of these
studies are concerned with the objective of this paper. Therefore, this section reviews
the previous works that, although focusing on operational issues, play a role in our
capacitating and dimensioning study.
A simple capacity estimation method for WiMAX systems has been studied in
[73], considering an OFDM-FDD frame structure. The cell capacity results have
been presented as a function of the number of users, but considering only two types
of tra c services (real-time and FTP). The authors conclude that the capacity is
highly correlated to the number of active users in the system, their service types
and the frequency reuse pattern. However, the calculations in this paper are OFDM
based and the vast details of TDD-OFDMA configurations are not discussed.
One key element in capacity estimation consists in properly defining a service
delivery model for the system under study. The service delivery model requires the
knowledge of available system resources, along with the resource consumption, also
known as “system load”. In Mobile WiMAX networks, the users may have di↵erent
sets of tra c with di↵erent QoS requirements, be in di↵erent receiving conditions,
and use di↵erent coding and modulation schemes. Consequently, they may consume
quite di↵erent amounts of the system resources. Accordingly, the overhead required
to accommodate the users signaling and control information may vary, resulting
in varying amount of available resources. Hence, characterizing a service delivery
model turns into a complex problem.
The study done in [74] as a part of the Application Work Group of WiMAX
Forum, aims to model a consistent input for application-level profiles. The authors
provide statistical profiles that include tra c-mix ratio, data-session attempts for
applications, and diurnal-application tra c distribution. Regarding this, in our
work described in this chapter, we use these data to define a simplified application
profile for our capacity estimation algorithm, although the implementation of the
detailed profile will be straightforward. The aforementioned paper [74] also studies
the system performance for VoIP and TCP applications, by presenting the maximum
number of users that the system can support for each of those applications. However,
they do not consider the co-existence of di↵erent applications. Furthermore, the
presented results correspond to those cases in which the entire frame is utilizing
a single MCS level, which means that the link adaption key feature has not been
considered. Other shortcomings of this study are that the resource overheads are
roughly estimated and that the impact of burst construction limitations in resource
allocation is not considered.
The authors in [75] discuss a conditional optimization problem in order to min-
imize the required amount of system shared resources, while the QoS requirements
of all the scheduled users are satisfied. This problem can be seen as a generic system
load model in which either the sum of time-frequency resources consumed by all the
users (sDL) or the sum of transmission power values consumed by all the users (⇢DL)
is considered as the restricting factor. In other words, the system will be fully loaded
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when one of these two factors reaches its maximum available value. The system load
is optimal when resource/power allocation is minimized with respect to the set of
modulation and coding schemes (Q), the set of transmission power values (P) and
the set of frequency sub-channels (F) that are assigned to all the users in downlink
subframe:
uDL = min(f{max(sDL , ⇢DL)}), (2.1)
where sDL and ⇢DL represent, respectively, the corresponding normalized values (i.e.,
sum value divided by max value) for time-frequency resources and power.
However, as the authors of [75], the solution to this problem is an exhaustive
search and is inapplicable in practice.
An iterative solution for the aforementioned optimization problem has been dis-
cussed in [76] for WiMAX systems, using frequency diversity frame structure (i.e.,
PUSC). In this reference, the authors present a heuristic algorithms that aims to
minimize the sum of allocated resources (sDL) in a frame, while considering that
the resource and power constraints fulfill the QoS requirements of the scheduled
service flows. Note that because of the frequency diversity, the sub-channel con-
straint F is eliminated. The iteration initiates by applying the highest MCS (i.e.,
the highest in Q set) to all the services, which implies the optimal use of the avail-
able resources and, accordingly, the highest transmission power. If the restricting
factors are exceeded, the algorithm selects one service flow and reduces its MCS
level, thus updating the Q set for the next iteration. The algorithm may iteratively
discard one service flow, in those cases in which the explored sets of Q do not ful-
fill the constraints. The presented solution imposes a high level of implementation
complexities. The real-time simulation of the presented algorithm involves massive
data correlations that make it inappropriate for network planning and capacitating
studies. The algorithm requires to keep track of the time-varying consumed trans-
mission power of all users, which, in practice, are randomly distributed within the
coverage area. Apart from this high complexity, the explored algorithm contains
a number of impractical assumptions. The number of scheduled services must be
known in advance, and discarding the service flows in those iterations in which the
constraints are not satisfied means increasing the dropping probability. The re-
source allocation is performed over the complete downlink subframe, and the fixed
and variable resource overheads are not taken into account. The resource allocation
in downlink subframe is assumed as contentious horizontal strips, which is against
the burst construction strategies defined by the standard.
2.4 Overview of the Proposed Capacity Estima-
tion Algorithm
As mentioned in the motivation of this chapter, the term capacity refers to the
maximum number of simultaneous multi-service users that can be supported by each
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specific BS, what in turn determines the corresponding cell goodput at full-load.
Aiming at computing such capacity, we have proposed an incremental solution
based on the relation stated by Expression (2.1). In our approach, the problem will
be divided into two major processes that will be solved in parallel in a variety of
di↵erent, feasible service provision cases. One of these two processes computes the
optimal available resources, while the other one estimates the minimum resource
consumption. Note that, in a real case, the absolute solution to the optimization
problem stated by Expression (2.1) is not achievable in a reasonable computational
time. Therefore, with a detailed view of the technical features and with a focus on
planning and dimensioning purposes, our proposed algorithm help put into practice
the solution to the capacity estimation problem of WiMAX system.
Put it simple, as the number of active users increases, proportional to the re-
quested application, the resource consumption increases and the available resource
decreases. Therefore, serving additional users requires a dynamic algorithm to car-
ried out an instantaneous comparison of the cell’s serving conditions. As illustrated
in Figure 2.3, the first block (in the dashed rectangle on left hand side) calculates
the available cell resources at each given time. The accurate calculation of use-
ful resource requires the knowledge of number of scheduled active users per frame
(NActUsers) as well as their resource allocation pattern. In each step, the number of
useful slots (available resources minus those used for overhead, which cannot be used
for user data) in the DL-subframe is calculated using the dynamic PHY+MAC over-
head removal methodology proposed in Section 2.5. The optimal allocation of the
useful slots is derived from modulation and coding distribution at the coverage area.
This will be studied in detail in Section 2.5.2. We assume that the mobile termi-
nals are uniformly distributed inside the coverage area and that the BS has enough
transmission power to serve all of the distributed terminals. The o↵ered data-rate
of the target cell is formulated by studying the burst construction strategies. For
each number of users, the unknown parameters to the first process are calculated in
the parallel process in the second block. Furthermore, this block (right hand side
dashed rectangle) is responsible for the calculation of the aggregated minimum re-
quired data-rate for multi-service users. As mentioned before, we have elaborated a
statistical methodology to be replaced with the complexities of implementation of a
fair scheduling procedure. Section 2.6 introduces the considered application profiles
and formulates the aggregated data-rate demand as a function of the number of
users and based on di↵erent application QoS requirements.
As can be seen in Figure 2.3, each time the number of subscribers (N) incre-
ments by one, the actual system resource and subscribers minimum service demand
are recalculated and compared. The increment continues as long as the remaining
resources can satisfy the additional demand imposed by the new user. When the
demand exceeds the available system resource, the algorithm introduces the largest
N as the measure for system capacity.
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Figure 2.3: Proposed Capacity Estimation Algorithm. It is formed by two processes
that works in parallel, and estimates, respectively, the amount of real available
resources (once those used for PHY+MAC overhead have been removed) and the
amount of resource consumed. n is an internal variable that accounts for the number
of users. The algorithm ends in providing the maximum number of supported active
users, N .
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2.5 Dynamic System Resource Calculation
As we have described before, the system available resource is defined as the
time-frequency resources (slots) that are available for data transmission in a Mobile
WiMAX frame. As was explained in Section 2.2.3, the resource characteristics
of a Mobile WiMAX system depend on the BW and applied Permutation Mode.
However, as was explained in Section 2.2.5, the allocation of these resources, and
thus the data-rate that they provide, depend on the applied MCS distribution.
Regarding this, we have divided this section into two parts. The first one focuses
on computing the PHY+MAC overhead in the DL subframe, in which the remaining
resources can be assigned for pure user data transmission. Since overhead resources
cannot be used for data transmission, the accurate real data rate must be computed
by removing those resources that have to be used for overhead. The second subsec-
tion focused on modeling the burst construction in DL-subframe and the real o↵ered
data-rate provision by including a modulation and coding distribution assumption.
2.5.1 A model to estimate PHY+MAC overhead the num-
ber os useful data symbols (Nsym)
The synchronization, signaling and control messages and the other transmission
overheads, described in Section 2.2, are necessary to maintain the proper function-
ality of the WiMAX system. Overhead components do not carry user data. In this
section we review the most significant overhead components in PHY layer along with
presenting the detailed overhead removal methodology in a dynamic manner. In or-
der to further improve the obtained PHY throughput, we propose novel methods to
extract the MAC layer overheads and estimate other wasted resources in dynamic
allocation.
Returning again to Figure 2.2, a DL subframe starts with one-symbol preamble,
thus introducing a fixed overhead in DL. A 24-bit Frame Control Header (FCH)
follows the preamble, and is sent with QPSK12 and 4 repetitions, leading to occupy
the 2 first sub-channels in the first data-symbol. This overhead process uses 24⇥4 =
96 bits. The next symbol in the frame contains a “DL-MAP message”, which starts
with a 12-byte-length header and contains, at least, one DL-MAP-IE for each burst,
which is transmitted in the DL subframe. As represented in Figure 2.2, each IE
contains 44 bits of burst information and may contain one or more 16-bit-length CIDs
based on the number of active connections in DL. The overall DL-MAP overhead,
in bits, can be written as
ODLMAP = 96 + (NBurst · 44) + (NActUsers · 16) bits, (2.2)
where NBurst is the number of data-bursts in DL subframe, and NActUsers is the
number of users that are actively communicating with BS at given time instance.
As in UL each user usually transmits in a single burst, the number of bursts
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in UL is equal to the number of active users. Therefore, the imposed overhead by
UL-MAP that starts with a 7 byte header (56 bits), and carries UL-MAP-IEs of 32
bits-length. Thus the corresponding overhead can be estimated as:
OULMAP = 56 + (NActUsers · 32) bits (2.3)
MAP messages are transmitted with most robust MCS level (QPSK 12) to be
received with all users located in the service area. For more reliability, a repetition
index is also applied over MAPs specified in FCH. Assuming ⇥4 repetition, once
the MAP messages overhead (OMAP = ODLMAP + OULMAP) is calculated, it is enlarged
to closet multiple of 24 and then is multiplied by 4. This is due to the fact that,
repetition operates on slots and not on bits.
The Channel Descriptor messages –i.e.: Downlink Channel Descriptor (DCD)
and Uplink Channel Descriptor (UCD)– have been represented by using dashed
lines in Figure 2.2. It means that these massages may not appear in all frames. Ba-
sically, the Channel Descriptor messages are sent periodically whenever the linking
conditions change and new channel profile must be introduced to MSs. In our algo-
rithm it is assumed that DCD/UCD messages appear every 100 frames. This results
in 1.17 kbps of overhead for DCD and 1.71 kbps for UCD, assuming 7 burst-profiles.
In addition to overhead introduced with control messages, sometimes, in PHY level
the amount of data to be sent in a burst just spills over a slot. In these cases nearly
an empty slot is sent, introducing additional channel overhead. To consider this
condition, the algorithm assumes a 50%⇥ MAU mismatch error for each data burst.
From MAC layer point of view, as explained earlier in data allocation procedure,
MAC-PDU construction presents a number of overhead data-bits per PDU. There
are a 6-byte generic header and a 4-byte CRC per PDU. It is likely to have an
additional 3-byte overhead for either the packetization or fragmentation subheaders.
Therefore, each PDU presents 13 bytes overhead (13⇥ 8 = 104 bits) in MAC level
as shown in Expression 2.4, where represents the number of PDUs in ith burst.
OMACPDU =
NBurstX
i=1
(NPDUi · 104) bits (2.4)
Generally, the number of PDUs per burst (NPDUi , i indexing each burst) is vari-
able and is a function of the transmitted packets size and the in-use burst construc-
tion method. The standard supports multiple users burst in DL direction as long
as the users application delay requirements are met. The limitations regarding to
burst construction methods are properly dimensioning user rectangular burst and
maintaining a single MCS mode during the entire burst. There are several propos-
als available in the literature exploring the burst construction problem. Fixed burst
mapping considers a predetermined number of burst per frame, while Raster tech-
nique [114] assigns a burst to each data packet using a slot by slot scanning method.
The first method, although very simple, requires advance knowledge of packet dis-
tribution, which might not be practical where the frame resources are flexible. The
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second method imposes an extra overhead in both MAC and PHY layers. A more
e cient packet method to achieve burst mapping has been presented in [115] with
respect to a minimal component of a DL-burst, which is defined as “x slots in the
frequency domain (x   1)⇥ one slot in the time domain”. A number of minimal
components are combined in time domain according to the packet size, and the units
formed in this way may also be aggregated to form the burst as long as the same
MCS mode is applied over them. Therefore, one can expect to have one multi-user
DL-burst made of the groups of slots that support each specific MCS level in DL
transmission. This strategy is used in this paper and is further studied in MCS
distribution analysis in next subsection.
With these considerations in mind, Expression (2.5a) summarizes the overhead
imposed on DL subframe by both PHY and MAC layers. By removing the overhead
symbols, the useful resources are obtained that can be assigned for data transmission
in DL. The overhead bits associated with UL subframe are fairly simpler to calculate,
as MAP messages are not present in UL. Expression (2.5b) denotes the overall UL
overhead.
ODL = preamble + FCH +OMAP+
+ODCD+UCD +mismatch +OMACPDU , bits
(2.5a)
OUL = ranging +OACK/NACK+
CQICH +mismatch +OMACPDU (bits)
(2.5b)
In these expressions, a mismatch overhead is assumed to model the possible
existence of empty slots, as will be explained in the following section.
Having the overhead symbols removed, the useful data symbols (Nsym) is calcu-
lated as in Expression (2.6).
Nsym = N
DL
sym  NDL,Osym , (2.6)
where NDLsym is the number of symbols in downlink subframe with respect to DL:UL
Ratio, as explained in Section 2.2.2 and, NDL,Osym = ODLbits/NDLSC is the number of
overhead symbols, where NDLSC is the number of data subcarriers for DL as in Table
2.2 for each BW, while using PUSC.
2.5.2 Modulation and Coding Schemes Distribution
We have mentioned that Mobile WiMAX is able to support di↵erent modula-
tion and coding schemes (MCS). The Link Adaption procedure in Mobile WiMAX
significantly increases the system throughput by matching the most e cient MCS
to each burst based on the channel conditions feedback. The choice of the MCS
level depends on the Signal to Noise plus Interference Ratio (SINR), also called C/I,
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through the perceived Block Error Rate (BLER). The most e cient MCS mode that
achieves a BLER larger than a threshold stated for given SNIR will be the one to
be used. The C/I vs. BLER link-level curves are available in the literature [116].
Generally, the users that are closer to the BS have a better chance for having higher
MCS levels (and thus higher channel-rates), while those edge-users that su↵er from
higher interference and path-loss attenuation (lower SNIR) are assigned the least
e cient MSC. This is the reason why, for capacity analysis purposes, the knowledge
of MCS distribution of the target cell is required.
WiMAX Forum has stated the link budget assumptions and cell configuration
parameters for Mobile-WiMAX profile [147]. One way is to assume the MCS dis-
tribution regions as concentric circles around the BS [105]. In this reference the
data-rate of each region is also addressed as a function of path-loss and experi-
enced SINR. On the other hand, a detailed system-level simulator configuration will
result in more e↵ective MCS distribution map. Reference [104] summarizes the con-
sideration for system level modeling of IEEE 802.16e based networks. Having the
appropriate simulator tool at the desired frequency band, the DL-SNIR coverage
map (i.e.: physical link-layer) of the service area (i.e.: covered by target BS) is
obtained. In frequency selective environments, such as OFDM systems, each sub-
carrier faces a di↵erent channel response. Therefore, WiMAX Forum specifications
recommend the Exponential E↵ective SNIR Mapping as the PHY-abstraction for
WiMAX Systems. The PHY abstraction predicts the BLER with respect to e↵ec-
tive SNIR values for each MSC mode. In this respect, [100] and [101] present a list
of minimum SNR needed for each MCS at BER = 10 6, for CC and CTC coding
respectively. The min-SNR values for turbo coding are shown in Table 2.3, together
with the weight assumed for each MCS distribution representing the coverage per-
centage of the corresponding MCS level out of the total area under cover. Note that
in this document it is assumed that the subscribers are uniformly distributed in the
coverage area.
Having the overhead symbols removed, an accurate approximation of the data-
rate o↵ered by the system is achievable independent of the tra c load. In other
words, system’s data-rate is a function of the number of users and their distribution
inside the coverage area, but not the service type of the users. The useful data
symbols, Nsym as obtained in Expression 2.6, provide a number of slots that are
available to be assigned to the users. The total number of useful slots in DL subframe
(NDLslot) can be calculated as
NDLslot =
 
Nsym ⇥NDLSC
48⇥ FRP
⌫
(2.7)
where NDLSC is the number of data subcarriers and FRP is the index of frequency
reuse pattern, which is 3 for (1,1,3) and 1 for (1,3,3) pattern. Note that the (1,1,3)
frequency reuse pattern divides the cell’s available BW over 3 sectors (1/3 BW per
sector), while in (1,3,3) pattern one frequency band is available for each sector (BW
per sector). In first pattern it is assumed that the BS sends the synchronization
and control messages using the entire BW and the remaining resources are equally
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divided between 3 sectors.
When the users are uniformly distributed in the service area (i.e.: covered by
target BS) at each time instance, the useful slots in the DL can be assigned to
multi-user bursts based on the MCS distribution in the serving cell. Note that
in this assignment, an integer number of slots must be optimally appointed to each
MCS level, while the burst construction limitations explained in previous subsection
are satisfied. Therefore, the ith multi-user burst will contain bNDLslot ⇥WMCSi c slots,
where WMCSi denotes the percentage of the serving area that is covered by the i
th
MCS level. Accordingly, bNDLslot⇥WMCSi c⇥BLi bits are o↵ered in this burst for data
transmission, where BLi is the block size of the ith MCS level. The real, o↵ered data-
rate in the entire downlink subframe (⌦DLTOT) is then calculated with the summation
of bits that all data bursts carry, divided by the frame duration (Tframe), that is:
⌦DLTOT =
j
NDLslot ⇥
PNBurst
i=1
 
BLi ⇥WMCSi
 k
Tframe
(2.8)
Note in in Expression 2.8 that the calculated data-rate ⌦DLTOT(N) is a function
of the number of users. By incrementing the N , the overhead increases and the
available resource decreases. Therefore, given the system parameters and MCS
distribution, it provides the available resource metric for each number of supported
users.
This procedure may impose a number of empty slots per burst, even using a
fair allocation assumption, known as “Over Allocation phenomenon”. We have
partly compensated this by assuming 50% mismatch error in the overhead calcula-
tions. Furthermore, there may remain a number of unallocated slots that do not fall
within the rectangular confines of any data burst, that do not take part in useful
resource calculation procedure. In the example calculations that will be conducted
in this paper, we will substitute the parameters of Expression 2.8 with those that are
assumed in Table 2.3, although they can be customized for any possible reception
conditions. In this table, the example values for WMCSi are chosen close to that of a
sub-urban area.
2.6 Service delivery Model and Subscribers Re-
source Consumption
As mentioned earlier, one key element in capacity estimation analyzes is to define
a service delivery model for the system under study. According to [75] the system
load is the minimum amount of shared resources required to serve the users. How-
ever, in new generation broadband wireless systems, including WiMAX, the users
may demand di↵erent applications, each with di↵erent QoS requirements. There-
fore, on the one hand, the scheduler must be aware of the available system resources,
while, on the other hand, the scheduler must have the knowledge of users’ demand
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and their reception conditions.
With this in mind, in this section we define a generic model that integrates the
application classes with their distributions and minimum data-rate requirement. In
the first subsection we discuss the data-rate support requirements when multi-user
services are jointly supported in the system. The second subsection considers the
parameters that are required to statistically model the users application profile.
In the last part, we formulate the entire elements that characterize our proposed
service-load model along with calculating the required parameters in the parallel
process for resource calculation purposes.
2.6.1 Data-rate requirements
The application classes and their QoS requirements for WiMAX systems have
been studied in Section 2.2.6. In order to guarantee a quality user experience, a key
feature of each data service is its data-rate requirement. In other words, some data
services need the system to guarantee that, at each given time, a specific number
of bits out of the entire available resources will be allocated for their transmis-
sion. Regarding this (i.e.: the level of required guarantee for data-rate access), the
services are classified into 3 categories: (a) Constant Bit Rate (CBR) with strict
data-rate requirement (Minimum Reserved); (b) Variable Bit Rate (VBR), which is
characterized with a strict part (Minimum Reserved) and a upper bound data-rate
(Maximum Sustained); (c) Best E↵ort Services (BE), which are served using the
remaining bandwidth when other services are supported. Based on this data-rate
requirement classification, the total available bandwidth is divided into guaranteed
and non-guaranteed partitions. Figure 2.4 represents this bandwidth partitioning
scheme while Table 2.4 shows the relation of each data-rate specification with its
corresponding application and service flow category.
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Figure 2.4: Simple representation of the bandwidth partitioning. Based on this
data-rate requirement classification, the total available bandwidth is divided into
guaranteed and non-guaranteed partitions. See the main text for further details.
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The guaranteed bandwidth requires unconditional dedication of the resources
that grant the needed data-rate. Table 2.5 lists the minimum guaranteed data-
rate requirement for each application category introduced by WiMAX Forum, when
applicable. On the other hand, the non-guaranteed partition must be fairly shared
between requesting services, based on the scheduling policy. The combination of
the minimum guaranteed and non-guaranteed resources allocated to the contenting
users is calculated based on the subscribers application profile, as will be explained
in the following subsection. In each step, a new user will be admitted if there are
enough free resources to satisfy its minimum data-rate requirement.
Table 2.4: Relation of each QoS data-rate specification with its corresponding ap-
plication and service flow category in Mobile WiMAX [147].
Service Flow Category Applications QoS Data Rate Specification
Unsolicated Grant Service
VoIP
Sustained Rate
(UGS) (CBR)
Real-time Polling Service Streaming Minimum Reserved Rate
(rtPS)
Audio or Video
Maximum Sustained Rate
(VBR)
Extended rtPS Voice with Minimum Reserved Rate
(ErtPS)
Activity Detection
Maximum Sustained Rate
(VBR)
No Real Time File Transfer Protocol Minimum Reserved Rate
Polling Service
(FTP)
Maximum Sustained Rate
(nrtPS) (VBR,BE)
Best E↵ort Service Data Transfer Maximum Sustained Rate
(BE) Web Surfing (BE)
2.6.2 Application profile and number of active users
In broadband wireless networks supporting multi-services, including WiMAX,
an application usage profile is required as a consistent input for the purpose of
evaluation of the dimensioning and capacitating studies. The application profile
shall cover subscribers application usage trends, in which the two major metrics to
be considered are the applications penetration and contention ratio. The penetration
parameter represents the distribution of applications that most likely users will use,
while the contention ratio is a measure of the simultaneity of the usage of each
application.
The collective application distribution information of broadband mobile/wireless
service subscribers are mapped into the WiMAX application classification model, in
which we have assigned a weight to each class representing the average penetration
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of each application among the subscribers. The third column of Table 2.5 illustrates
the weight (W appj ) corresponding to j
th application category, when averaging over
di↵erent applications grouped into a category. In addition to distribution weights,
the application profile should provide the information on relative active attempts
of each application in each time instance that in this paper we call it application’s
contention ratio (CR).
In other words, if NU is the number of the subscribers located inside the target
cell, then [NU ⇥W appj ] represents the number of subscribers that are likely to use
the jth application. In addition, if CRj represents the contention ratio of the jth
application, at a given time, only [NU ⇥W appj ⇥CRj] subscribers will be connected
to the cell
In order to give reference values for the contention ratios of di↵erent applications,
the subscribers are classified based on their end-user type. Regarding this, the
users may subscribe for Residential or Business class services, each with di↵erent
service profile. Statistical studies prove that the attempts per application per day
are di↵erent for di↵erent end users [74]. According to global statistics of WiMAX
deployments in [113], the percentage of users with residential profile is NR = 58%,
while that of users with business class services is NB = 42%, (NR +NB = 100%)
The detailed contention ratios for residential and business class subscribers are
presented in [74] for each application per day. These ratios are averaged over the
daily tra c trends and are shown in the corresponding column of Table 2.5 for each
application category. Recalling the example in previous paragraph, the number of
residential subscribers that are actively using the ith application can be estimated
as [NU ⇥ NR ⇥ W appj ⇥ CRRj ], where CRRj is the average contention ratio for jth
application in residential class.
Thus, the number of active users NActUsers can be written as
NActUsers = NU ⇥
&
NR ⇥
5X
j=1
 
W appj ⇥ CRRj
 
+NB ⇥
5X
j=1
 
W appj ⇥ CRBj
 '
, (2.9)
where NR and NB are the percentage of the end users with Residential and Business
profile respectively, and CRRj and CR
B
j are the average contention ratios for the
j application in the Residential and Business profile respectively. The obtained
NActUsers parameter here is also used in the parallel process for overhead estimation
calculations.
Note that the values presented in Table 2.5 are for general reference and can be
easily customized for each tra c scenario. In other words, the average number of at-
tempts per active user during a day can be converted into the number of application
sessions during a specific time of the day with diurnal-application distribution [74].
For instance, substituting the peak hour values instead of diurnal averaged ones may
alter the application profile for the worst-case load profile.
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Table 2.5: Service Delivery Model. Value of the di↵erent parameters used in the
applied profiles as a function of the application class.
j Application Class
Guaranteed BW
Weight
Ave. Contention Ratio [74]
(kbps) [4] Residential Business
1 Multiplayer Interactive Gaiming 50 0.25 0.25 0.5
2 VoIP and Video Conference 32 0.1 0.6 0.75
3 Streaming Media 64 0.125 0.75 1
4 Web Browsing & Instant Message Nominal 0.325 0.75 0.75
5 Media Content Downloading BE 0.2 0.4 0.9
2.6.3 Subscribers Service Demand Calculation
Considering the Service delivery model presented in Table 2.5, the data-rate
requirement for the instantaneous load imposed on the system is achievable. We as-
sume that all the active users are scheduled for transmission in each DL subframe.
The application classes with specified guaranteed data-rate (the first 3 application
classes in Table 2.5) are separated from those with non-guaranteed data-rate. The
number of subscribers in the first group NGActUsers is obtained by solving the Expres-
sion 2.9 for the first 3 applications. The aggregated guaranteed data-rate (RG) is
then calculated using Expression 2.10.
RG = N
G
ActUsers ⇥
3X
j=1
DRj. (2.10)
where, NGActUsers = N⇥
l
NR ⇥
P3
j=1
 
W appj ⇥ CRRj
 
+NB ⇥
P3
j=1
 
W appj ⇥ CRBj
 m
,
and DRj is the guaranteed data-rate of the jth application as in Table 2.5 (j =
1, .., 3).
At each given time, the remaining system bandwidth can be allocated to non-
guaranteed services with respect to users service-rate parameter as determined by
the subscription contract. Each subscriber is due to have access to a non-guaranteed
data-rate up to the subscribed service-rate, as long as the existing higher priority
services for that user (here the guaranteed data-rate services) are already served.
The service-rate is an Application Profile input parameter and may be di↵erent
for di↵erent end-user types. Let us assume that each residential subscriber may
contract CR kbps of service, while the business class subscriber’s demand is CB
kbps. Therefore, we can introduce a measure for the maximum amount of aggregated
data-rate for non-guaranteed service (RMAXNon,G) as conducted in Expression 2.11.
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RMAXNon,G = N
Non,G
Active ⇥
"
NR ⇥
"
CR  
3X
j=1
DRj
#
+NB ⇥
"
CB  
3X
j=1
DRj
##
(2.11)
where NNon,GActive = NActUsers   NGActUsers is the number of active subscribers using ap-
plications with non-guaranteed data-rate, NR and NB are the percentage of the end
users with Residential and Business profile respectively.
The total aggregated data-rate at each time instance is simply calculated by the
summation of guaranteed and non-guaranteed data-rates (i.e.:RDLTot = RG+RNon,G).
Note that RDLTot(N) is a function of the number of users and linearly increases as
the number of users increments. Given the application profile, RDLTot(N) provides
the resource consumption metric for each number of supported users. Following
the generic algorithm proposed in this paper, at each given time, the resource con-
sumption RDLTot(N) for each number of users is calculated independent of available
resources ⌦DLTOT(N), that was calculated in Expression 2.9. For each number of users
these two values are compared and if ⌦DLTOT(N)   RDLTot(N), N will be incremented
by one. The largest N that satisfies the above condition is introduced as the system
capacity in supporting multi-services.
Recalling the parallel process for overhead calculations, apart from NActUsers
parameter, an estimation for the number of PDUs per burst (NPDUi ) was also re-
quired as in Expression 2.4. Having the load per frame and the number of ac-
tive users, a reasonable approximation for the average-packet-size (PAve) is cal-
culated for each number of users. Assuming k averaged-size-packets per PDU 
i.e. : ARQ  BLOCK  SIZE = k ⇥ Tframe ⇥
 
⌦DLTOT/NActUsers
  
, each burst will ac-
commodate a number PDUs proportional to its MCS distribution weight. This
relation is shown in Expression 2.12.
NPDUi =
⇠
NActUsers ⇥ W
MCS
i
k
⇡
. (2.12)
Note that the calculated average packet size is not a practical concept, since the
packets generated by the users considerably vary in size for di↵erent applications
and also over time. However, this concept gives a good approximation for estimation
of the number of PDUs per data burst by introducing a trade-o↵ between di↵erent
packet sizes.
2.7 Experimental work
This section aims at exploring the feasibility of the proposed capacity estimation
methodology. We have carried out two groups of simulations “Experiment I” and
“Experiment II”, which will be described and discussed in Subsections 2.7.1 and
2.7.2, respectively.
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2.7.1 Experiment I
This first experiment explores the general behavior of the proposed capacity
estimation algorithm. This simulation requires two types of input parameters. Table
2.6 lists the two input parameter categories: “System Parameters” and “Subscriber
Service Parameters”. The system parameters that we have used are just the default
values recommended by WiMAX Forum system evaluation methodology. They are
also those common values used in practice. The subscription service parameters are
based on the statistical data we have explained in the presented application profile.
Table 2.6: Input Parameters of Experiment I. The “system parameters” are the
default values recommended by WiMAX Forum system evaluation methodology and
also are the common values used in practice. The “subscription service parameters”
are based on the statistical data, as explained in the presented application profile.
System Parameters
Bandwidth (MHz) 10
DL:UL Ratio 2:1
Frequency Reuse Pattern (FRP) 1,3,3
MCS Distribution Table-2
Subscriber Service Parameters
NR 58%
NB 42%
CR (kbps) 512
CB (kbps) 1000
Load Model and Application Profile Table-4
Simulation Results
Max No. of supported multi-service users 24
NActive 16
Max goodput (Mbps at N=1) 8.51
Min No. of overhead slots (at N=1) 79
Sector Throughput (Mbps at N=24) 5.62
Max No. of overhead slots (at N=24) 279
Average-Packet-Size (bytes) 211
The numerical simulation results provided in Table 2.6 for Experiment I have
been obtained with following conditions: (a) All the active services, including guar-
anteed and non-guaranteed data-rate services, are scheduled in the frame of the
sector under study at each given time: (b) Non-guaranteed services are assigned a
data-rate, equal to their service-rate subscription (refer to Section 2.6.3). The first
assumption assures that the delay requirements of all the services are met and the
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second one provides the highest user satisfaction with the price of imposing heavy
load on the system.
With these considerations in mind, we can explore now the dynamic performance
of the proposed algorithm. Just in this respect, Figure 2.5 represents the minimum
service-load and the DL optimal goodput (kbps) as a function of active users in
Experiment I. As shown, the resource consumption exceeds the available resource
for the active user number 25. In other words, the two graphs representing the
linear minimum service-load and the DL optimal goodput cross before meeting the
data-rate requirement of 25th user. Thus, the specified sector can support 24 multi-
service users with the sector goodput of 5.62 Mbps. By providing reference measures
of magnitude, these results can help network planners to study the dimensioning
capabilities of the implemented system.
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, each burst will ac-
commodate a number PDUs proportional to its MCS distribution weight. This
relation is shown in Expression 1.12.
NPDUi =
⇠
NActUsers ⇥ W
MCS
i
k
⇡
. (1.12)
Note that the calculated average packet size is not a practical concept, since the
packets generated by the users considerably vary in size for di↵erent applications
and also over time. However, this concept giv s a good approximation for estimation
of the number of PDUs per data burst by introducing a trade-o↵ between di↵erent
packet sizes.
1.7 Experimental work
This section aims at exploring the feasibility of the proposed capacity estimation
methodology. We have carried out two groups of simulations “Experiment I” and
“Experiment II”, which will be described and discussed in Subsections 1.7.1 and
1.7.2, respectively.
1.7.1 Experiment I
This first group of experiments explores the detailed behavior of the proposed
capacity estimation algorithm. This requires two types of input parameters. Table
1.6 lists the two input parameter categories: “System Parameters” and “Subscriber
Service Parameters”. The system parameters that we have used are just the default
values recommended by WiMAX Forum system evaluation methodology. They are
also those common values used in practice. The subscription service parameters are
based on the statistical data we have explained in the presented application profile.
The numerical simulation results provided in Table 1.6 for Experiment I have
been obtained with following conditions: (a) All the active services, including guar-
anteed and non-guaranteed data-rate services, are scheduled in the frame of the
sector under study at each given time: (b) Non-guaranteed services are assigned a
data-rate, equal to their service-rate subscription (refer to Section 1.6.3). The first
assumption assures that the delay requirements of all the services are met and the
second one provides the highest user satisfaction with the price of imposing heavy
load on the system.
Figure 1.4 illustrates the dynamic trend of the algorithm for this experiment.
As can be noticed, the resource consumption exceeds the available resource for the
active user number 25.
Number of active users to be served
In other words, the two graphs representing the linear minimum service-load and
Figure 2.5: Dynamic trend of the algorithm in Experiment I: DL optimal goodput
(green curve) and minimum service-load (red curve), both in kbps, as a function of
the number of users to be served.
Figure 2.6-a shows the dynamic PHY+MAC overhead increase from above 3
symbols with single user up to 11 symbols in full-load. The un-integer values of
symbols denote the overhead slots (i.e.: multiples of 24 bits in DL). The significant
di↵erence in number of overhead symbols in Figure 2.6-a, underlines the need to
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consider a dynamic strategy for overhead determination with respect to the number
of scheduled users in Mobile WiMAX capacity estimation analysis. The number
of unallocated slots during the resource allocation procedure in Experiment-I is
illustrated in Figure 2.6-b. These wasted resources are caused by burst construction
limitations explained in the text. A considerable number of realizations show that
an average of 3 slots remain unallocated in multi-burst mapping for mixed user
tra c scenarios, while having a fair scheduling assumption.
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, each burst will ac-
commodate a number PDUs proportional to its MCS distribution weight. This
relation is shown in Expression 1.12.
NPDUi =
⇠
NActUsers ⇥ W
MCS
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. (1.12)
Note that the calculated average packet size is not a practical concept, since the
packets generated by the users considerably vary in size for di↵erent applications
and also over time. However, this concept gives a good approximation for estimation
of the number of PDUs per data burst by introducing a trade-o↵ between di↵erent
packet sizes.
1.7 Experimental work
This section aims at exploring the feasibility of the proposed capacity estimation
methodology. We have carried out two groups of simulations “Experiment I” and
“Experiment II”, which will be described and discussed in Subsections 1.7.1 and
1.7.2, respectively.
1.7.1 Experiment I
This first group of experiments explores the detailed behavior of the proposed
capacity estimation algorithm. This requires two types of input parameters. Table
1.6 lists the two input parameter categories: “System Parameters” and “Subscriber
Service Parameters”. The system para eters that we have used are just the default
values recommended by WiMAX Forum system evaluation methodology. They are
also those common values used in practice. The subscription service parameters are
based on the statistical data we have explained in the presented application profile.
The numerical simulation results provided in Table 1.6 for Experiment I have
been obtained with following conditions: (a) All the active services, including guar-
anteed and non-guaranteed data-rate services, are scheduled in the frame of the
sector under study at each given time: (b) Non-guaranteed services are assigned a
data-rate, equal to their service-rate subscription (refer to Section 1.6.3). The first
assumption assures that the delay requirements of all the services are met and the
second one provides the highest user satisfaction with the price of imposing heavy
load on the system.
Figure 1.4 illustrates the dynamic trend of the algorithm for this experiment.
As can be noticed, the resource consumption exceeds the available resource for the
active user number 25.
Number of active users to be served
In other words, the two graphs representing the linear minimum service-load and
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 
i.e. : ARQ  BLOCK  SIZE = k ⇥ Tframe ⇥
 
⌦DLTOT/NActUsers
  
, each burst will ac-
commodate a number PDUs proportional to its MCS distribution weight. This
relation is shown in Expression 1.12.
NPDUi =
⇠
NActUsers ⇥ W
MCS
i
k
⇡
. (1.12)
Note that the calculated average packet size is not a practical concept, since the
packets generate by the users considerably vary in size for di↵erent applications
and also over time. However, this concept gives a good approximation for estimation
of the number of PDUs per data burst by introducing a trade-o↵ between di↵erent
packet sizes.
1.7 Experimental work
This section aims at exploring the feasibility of the proposed capacity estimation
methodology. We have carried out two groups of simulations “Experiment I” and
“Experiment II”, which will be described and discussed in Subsections 1.7.1 and
1.7.2, respectively.
1.7.1 Experim nt I
This first group of experiments explores the de ailed behavi r of the proposed
c pacity estimation algorithm. This requires two types of input parameters. Table
1.6 lists the two input parameter categories: “System Parameters” and “Subscriber
Service Parameters”. The system parameters that we have used are just the default
values recommended by WiMAX Forum system evaluation methodology. They are
also those common values used in practice. The subscription service parameters are
based on the statistical data we have explained in the presented application profile.
The numerical simulation results provided in Table 1.6 for Experiment I have
been obtained with following conditions: (a) All the active services, including guar-
anteed and non-guaranteed data-rate services, are scheduled in the frame of the
sector under study at each given time: (b) Non-guaranteed services are assigned a
data-rate, equal to their service-rate subscription (refer to Section 1.6.3). The first
assumption assures that the delay requirements of all the services are met and the
second one provides the highest user satisfaction with the price of imposing heavy
load on the system.
Figure 1.4 illustrates the dynamic trend of the algorithm for this experiment.
As can be noticed, the resource consumption exceeds the available resource for the
active user number 25.
Number of active users to be served
In other words, the two graphs representing the linear minimum service-load and
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Figure 2.6: (a) Number of overhead symbols as a function of the number of active
users to be served. (b) Number of overhead unallocated slots as a function of the
number of active users to be served.
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2.7.2 Experiment II
In Experiment II, we compare two di↵erent service provision scenarios for non-
guaranteed services. The resource consumption in both scenarios are assumed the
same. In this experiment, the input parameters for both system and subscription
parameters are the same as Experiment I.
We model “Case-1”, where the non-guaranteed services are using 50% of their
maximum service-rate, and compare it with “Case-2” when 50% of the non-guaranteed
services are not scheduled in target subframe, while the existing ones are using the
maximum data-rate. In this way, the sector’s load (subframe resource consumption)
for both cases will be equal, but the sector’s throughput and, hence, the number of
supported users will be di↵erent. The simulation results show that the first scenario
will support 32 multi-service users, while, in the second one, this value increases up
to 38 users.
This is because of the fact that, by discarding 50% of the users with non-
guaranteed data-rate, the overhead related to their signaling and controlling mes-
sages are also removed from available downlink subframe resources. Therefore, when
the number of supported users is 32, the level of available resources in Case 2 is higher
than Case 1.
As can be seen in Figure 2.7, the freed resources are enough to accommodate
the 38  32 = 6 extra multi-service users, with the specified application profile.
Note that the extra users also introduce additional overhead to the system. This
can be noticed by the continuously declining slope of the available resources in Case
2. In spite of this, the simulation results prove that the released available resources
in Case 2 can support a greater number of users up to the consumption of 5457
kbps. The specified system can support up to 106 users, when the entire available
resources are assigned to the services with guaranteed data-rate. By providing
reference measures of magnitude, these results can help the algorithm developers
to evaluate and compare the service provision capabilities of di↵erent scheduling
techniques.
The proposed algorithm is highly change sensitive and provides a simple envi-
ronment to study the impact of each change (i.e.: system or load input parameters)
on the system performance. Regarding this, and for the sake of completeness, we
have repeated the experiments for di↵erent system parameters while the subscriber
service parameters are the same as those listed in Table 2.6 and MCS distribution
is as in Table 2.3. The results are presented in Table 2.7 for two di↵erent scheduling
cases. The first one corresponds to the case in which the subframe is loaded with
all services as in Experiment I. The second one corresponds to the case in which
only guaranteed data-rate services are present and non-guaranteed services are not
scheduled in the target subframe. It can be observed that the sector capacity can
vary between 3 to 133 multi-users with di↵erent system parameters and subframe
scheduling pattern.
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In this experiment, the input parameters for both system and subscription param-
eters are the same as Experiment I. We model “Case-1”, where the non-guaranteed
services are using 50% of their maximum service-rate, and compare it with “Case-
2” when 50% of the non-guaranteed services are not scheduled in target subframe,
while the existing ones are using the maximum data-rate. In this way, the sector’s
load (subframe resource consumption) for both cases will be equal, but the sector’s
throughput and, hence, the number of supported users will be di↵erent. The simu-
lation results show that the first scenario will support 32 multi-service users, while
in the second this value increases up to 38 users.
This is due to the fact that by discarding 50% of the users with non-guaranteed
data-rate, the overhead related to their signaling and controlling messages are also
removed from available downlink subframe resources. Therefore, when the number
of supported users is 32, the level of available resources of Case-2 is higher than Case-
1. As can be seen in Figure 1.6, the freed resources are enough to accommodate
38-32=6 extra multi-service users, with specified application profile. Note that the
extra users also introduce additional overhead to the system. This can be noticed by
continuously declining slope of the available resources of Case-2. But the simulation
results prove that the released available resources in Case-2 can support a greater
number of users up to the consumption of 5457 kbps. The specified system can
support up to 106 users, when the entire available resources are assigned to the
services with guaranteed data-rate. By providing reference measures of magnitude,
these results can help the algorithm developers to evaluate and compare the service
provision capabilities of di↵erent scheduling techniques.
No. of supported users
The proposed algorithm is highly change sensitive and provides a simple envi-
ronment to study the impact of each change (i.e.: system or load input parameters)
on the system performance. In continuation, we repeat the simulations for di↵erent
system parameters, while subscriber service parameters are the same as Table 1.6
and MCS distribution is as in Table 1.3. The results are presented in Table 1.7
for two di↵erent scheduling case, that are, when the subframe is loaded with all
services as in Experiment-I, and the other when only guaranteed data-rate services
are present and non-guaranteed services are not scheduled in the target subframe.
It can be observed that the sector capacity can vary between 3 to 133 multi-users
with di↵erent system parameters and subframe scheduling pattern.
1.8 Conclusion and Future Work
In this chapter we have proposed a dynamic capacity estimation methodology
for Mobile WiMAX systems, in which the sector under study is simultaneously sup-
porting multi-service users. We have explained why our algorithm is made of two
major blocks, which are solved at each given time and in parallel in order to, on
the one hand, to calculate the optimal available resource with respect to MCS dis-
tribution and multi-user burst construction and, from the other hand, calculate the
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Figure 2.7: Resource consumption and available resources (kbps), in both “Case 1”
and “Case 2”, as a function of the number of supported users (Experiment II). See
the main text for further details.
Table 2.7: Estimated capacity for di↵ere t system param ters. The sub riber
service parameters are the same as those listed in Table 2.6 and MCS distribution
is the one in Table 2.3. “Gua.” stands for guaranteed.
BW 5 Mhz 10 Mhz
FRP 1,1,3 1,3,3 1,1,3 1,3,3
DL:UL
Full Gua. Full Gua. Full Gua. Full Gua.
Scheduling
1:1 3 15 8 38 8 45 21 91
2:1 4 19 9 41 9 49 24 106
3:1 5 26 13 57 12 64 30 133
50 Summary and conclusions
2.8 Summary and conclusions
In this chapter we have developed our dynamic capacity estimation methodol-
ogy for Mobile WiMAX systems, whose main results have been published in [69].
Capacity refers in this chapter to the maximum number of multi-service users that
can be simultaneously supported by a given access node.
We have explained why our algorithm is made of two major blocks, which, at
each time, are solved in parallel to compute, on the one hand, the optimal available
resources (considering the MCS distribution and multi-user burst construction), and
to estimate, on the other hand, the minimum required resource consumption (with
respect to application profile and the multi-service data-rate requirements).
We have also shown how properly computing the available resource requires to
estimate first the necessary overhead at PHY + MAC levels. Our general formula-
tions for overhead estimation can be used for any system parameter configuration.
The data-rate requirements of the covered multi-services have been grouped into
guaranteed and non-guaranteed data-rates. We have also defined an application
profile as a consistent input for capacitating and dimensioning studies evaluation.
We have carried out a number of experiments. Specifically, several simulations
have been run with example values for MCS distribution and daily averaged appli-
cation profile. The elaborated statistical application profile replaces the complexity
of simulating a detailed scheduling strategy, thus providing reference measures in
order to evaluate the performance of di↵erent scheduling techniques in real time.
The simulation results with regard to PHY+MAC overhead removal method-
ology underline the significant roll of overhead calculations in capacity estimation
studies.
Having the number of supported user with each WiMAX hotspot, with regards to
the parameters that characterize the access point and the service area, the network
planners can optimize the service provision in the coverage area. Furthermore, the
proposed algorithm is highly change sensitive. In other words, the algorithm can
be simply configured for each set of input parameters, in order to study the impact
of each parameter change on system performance. The performance is evaluated
in a single output result, that is, the number of supported multi-users (or the cell
goodput).
Further studies shall be done in order to improve the proposed algorithm with
more implementation details, while keeping the simple structure of the proposed
approach for capacity estimation. In continuation to this work, we plan to propose
solutions in order to integrate the performance enhancing techniques in proposed
algorithm and to include the short-scale channel state variations factor in resource
allocation. Furthermore, the impacts of handover and mobility overheads on the
Mobile WiMAX capacity estimation are other topics that will be discussed in our
related future works.
Chapter 3
Overhead, Data Throughput and
Capacity in LTE Downlink
3.1 Introduction
Long Term Evolution (LTE), the fastest-growing mobile technology [3,22], is able
to provide unprecedented very high data rate and extremely low latency, specially
in downlink (DL). This makes LTE very useful not only for conventional users [3]
but also for others involving novel applications in machine-to-machine communica-
tion [28], mHealth services [29], smart grids [30], or green LTE [31, 32], even when
potentially deployed in TV white spaces [33]. During Q3 2015 LTE has added
around 120 million novel subscribers, while Wide-band Code Division Multiple Ac-
cess (WCDMA) [12] have added only 70 million users, and even Global System
for Mobile Communications (GSM) have declined by 60 million [3] –in spite of
most users of Third and Four Generation (3G, 4G) use GSM and Enhanced Data
Rates for GSM Evolution (EDGE) networks as a fallback [3]–. There are several
causes explaining this vertiginous development. On one hand, user equipment (UE)
manufacturers have made public an annual growth in 2015 of 79%, smartphones
being 75% of all UEs and the strongest driving force for the aforementioned fast
deployment. On the other hand, Orthogonal Frequency Division Multiple Access
(OFDMA) technique in DL [34, 35] makes LTE able to support higher data rates
than those of High-Speed Packet Access (HSPA) [36, 37]. Thus, LTE acceptance
(up to 442 commercial LTE networks in 147 countries [3]) is driven by a strong
demand for both better user experience and faster networks than those provided
by HSPA technology [13]. All these combined factors are fueling an increasing de-
mand of novel, more data-intensive services (such as TV, Video on Demand (VoD),
gaming, etc.): data tra c has grown 65% between Q3 2014 and Q3 2015 [3]. The
negative counterpart of the superior performance of LTE when compared to other
mobile technologies is its highest complexity, which makes much more di cult its
modeling, dimensioning [38] and planning [39–41], demanding new simulation and
evaluation tools [42] along with novel algorithms for resource allocation [43] and
handover in LTE macrocell-femtocell networks [44], to name a few.
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Within this context, Figure 3.1 will assist us in introducing the purpose of this
paper and in motivating its structure. It consists of three subfigures. Figure 3.1
(a) aims at illustrating the fact that the DL transmission resources in LTE exhibits
dimensions of time, frequency and space. This latter, measured in “layers”, is used
by means of Multiple Antenna Technology (MAT), which involves several multi-
antenna transmission and reception schemes. In this work we will use some concepts
of these techniques, although the deepest specific details are beyond the scope of
this paper. The interested reader is referred to Chapter 11 in [14] for further details.
With this remark, Figure 3.1 (b) focuses only on one of such layers, and represents,
in a simplified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD) and normal cyclic prefix. As illustrated,
the basic unit for data transmission, called Physical Resource Block (PRB) or simply
Resource Block (RB), is a two-dimensional (time, frequency) object in a grid. In
time dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE can assign
RBs to UEs (or simply, users), and is called Transmission Time Interval (TTI)1.
In the frequency dimension, an RB simply consists of 12 orthogonal subcarriers
(SCs) assigned to an UE during one time slot, which in turn consists of a number
of 7 OFDM symbols. The smallest information unit is the one carried by 1 SC
during 1 time symbol (TS), and is called Resource Element (RE). Most of the REs
–white REs in Figure 3.1 (c)– are used to transmit user data on specialized physical
channels such as Physical Downlink Shared Channels (PDSCHs). The rest of the
REs, a reduced number of them, have to be reserved for a number of necessary
network functionalities such as signaling, control or synchronization [30, 64–67] at
both the Physical (PHY) level and Media Access Control (MAC) sub-level. These
REs are “overhead” (O) REs. Although it will be explained in detail later on,
controlling the physical channels is motivated, for instance, by the need to decide,
depending on user’s Channel Quality Indicator (CQI), the Modulation and Coding
Scheme (MCS) to be applied on each user’s REs. Other overhead REs have to
be reserved for Reference Signals (RSs) (dashed grey REs) –which transport some
signaling information– and Synchronization Signals (SSs). The later has not been
represented in Figure 3.1 (c) since, unlike the others, are not computed at TTI scale,
but at frame scale.
As will be shown in the literature review in Section 3.2, overhead is usually
estimated either as a constant value (regardless the operation conditions), or as a
percentage of the total available REs, or assuming some overhead mechanisms as
negligible, leading to overestimate bit rates or throughputs.
Another di culty encountered when trying to analyze overhead is that most of
the related information is spread over a number of recommendations, technical books
1Assigning resources to UEs every 1ms is a dynamic scheduling, which is e cient for services
using the Transmission Control Protocol (TCP), in which the tra c is bursty and dynamic. In
contrast, persistent scheduling –useful for services such as VoIP in which packets are small, periodic
and semi-static in size– allows for allocating resources to UEs for a time period longer than one
TTI [14].
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tency, specially in downlink (DL). This makes LTE very useful not only for
conventional users [1] but also for novel applications in machine-to-machine
communication [3], mHealth services [4], smart grids [5], or green LTE [6, 7],
even when potentially deployed in TV white spaces [8]. During Q3 2015 LTE
has added around 120 million novel subscribers, while Wide-band Code Di-
vision Multiple Access (WCDMA) [9] have added only 70 million users, and
even Global System for Mobile Communications (GSM) have declined by 60
million [1] –in spite of most users of Third and Four Generation (3G, 4G)
use GSM and Enhanced Data Rates for GSM Evolution (EDGE) networks
as a fallback [1]–. There are several causes explaining this vertiginous devel-
opment. On the one hand, user equipment (UE) manufacturers have made
public an annual growth in 2015 of 79%, smartphones being 75% of all UEs
and the strongest driving force for the aforementioned fast deployment. On
the other hand, Orthogonal Frequency Division Multiple Access (OFDMA)
technique in DL [10, 11] makes LTE able to support higher data rates than
those of High-Speed Packet Access (HSPA) [12, 13]. Thus, LTE acceptance
(up to 442 commercial LTE networks in 147 countries [1]) is driven by a
strong demand for both better user experience and faster networks than
those provided by HSPA technology [14]. All these combined factors are fu-
eling an increasing demand of novel, more data-intensive services (such as
TV, Video on Demand (VoD), gaming, etc.): data tra c has grown 65%
between Q3 2014 and Q3 2015 [1]. The negative counterpart of the superior
performance of LTE when compared to other mobile technologies is its high-
est complexity, which makes more complex its modeling, dimensioning [15]
and planning [16, 17, 18], demanding new simulation and evaluation tools
[19] along with novel algorithms for resource allocation [20] and handover in
LTE macrocell-femtocell networks [21], to name a few.
Within this context, Figure 1 will assist us in introducing the purpose
of this paper and in motivating its structure. It consists of three subfigures.
Figure 1 (a) aims at illustrating the fact that the DL transmission resources in
LTE exhibits dimensions of time, frequency and space. This latter, measured
in “layers”, is used by means of multi-antenna transmission and reception
schemes.
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In this work we will use some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
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In this work we will use some concepts of these techniques, although the
deepest specific details are beyond the scope of this paper. The interested
reader is referred to Chapter 11 in [22] for further details. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) object in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orthogonal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smallest information unit
is the one carried by 1 SC during 1 time symbol, and is called Resource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network functionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivated, for instance,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Synchronization Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
estimated either as a constant value (regardless the operation conditions),
or as a percentage of the total available REs, or assuming some overhead
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nals (SSs). These have not been represented in Figure 1 (c) since, unlike the
others, are not computed at TTI scale, but at frame scale.
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Abstract
Overhead Resource Elements (REs) in Long Term Evoluti n (L E) net-
works are used for control, signaling d synchronization t both t e Phys-
ical (PHY) level and Media Access Control (MAC) sub-level. This paper
describes a comprehensive data rate-based performance model that aims at
accurately c mputing all the overhead REs (and its c rresponding i fluence
on real data throughput) withi a unified fra ework which includes all the in-
volved variables (bandwidth, scheduling type, transmissi antenna scheme,
Hybrid Automatic Repeat Request configuration, and number and reception
conditions of users). The model allows f r dynamically : 1) optimizing data
throughput by selecting, wh possible, the configuration that minimizes
verhead ( t only in single user sc narios, but also in multi-service and
multi-user scenarios); and 2) computing the maximum number of users per
Transmission Time Interval, the smallest interval in which LTE assigns re-
sources to users. The model explains why sometimes increasing the number
of antennas in Multiple-input Multiple-output (MIMO) schemes may lead
to degrade bit rate rather than increase it. This counterintuitive result is
because of the additional overhead resources required by higher order trans-
mission schemes, which reduces the number of REs for user data.
Key ords: Overhead Resource Elements, Lo g Term Evolution, d ta
rate-based performance model, d ta th oughp t.
1. Introduction
Long Term Evolution (LTE), the fastes -growing mobile technolog [1, 2],
i able provide unprecedented very high ata rat and ext mely low la-
Preprint submitted to Computer Communications May 12, 2016
1 lot
1 subframe = 1 TTI
1 su frame = 2 slots
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In this ork we will use so e co cepts o these t hniques, alt ough the
deepest specific details r beyond th scope of is pap r. The int r sted
reader is refe red to Cha ter 11 in [22] for furth r et ils. With is remark,
Figure 1 (b) focuses only on one of such lay rs, nd represents, in a im-
plified way, how OFDMA is used in the L E DL, in the particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or sim ly Res urce
Block (RB), is a two-dimensional (time, frequ cy) object in grid. In t m
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time Interval
(TTI). In the frequency dimension, an RB simply consists of 12 orth go al
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The sm llest information unit
is the one carried by 1 SC during 1 time symbol, an is called R source Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to transmit
user data on specialized physical channels such as Physical Downlink Shared
Channels (PDSCHs). The rest of the REs, a reduced number of them, have
to be reserved for a number of necessary network fu ctionalities such as sig-
naling, control or synchronization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical channels is motivate , for insta ce,
by the need to decide, depending on user’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be appli d on eac user’s REs.
Other overhead REs have to be reserved for Reference Signals (RSs) (dashed
REs) –which transport some signaling information– and Sync ronization Sig-
nals (SSs). These have not been represented in Figure 1 ( ) since, unlike the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
3
1 slot
1 subframe = 1 TTI
1 subframe = 2 slots
RB #NRB
RB #1
layer #1
layer #M
TS
RE
In this work we will use some concepts of these techniques, al ough th
deepest specific details are beyond the scope of this paper. The int rested
reader is referred to Chapter 11 in [22] for further d tails. With this remark,
Figure 1 (b) focuses only on one of such layers, and represents, in a sim-
plified way, how OFDMA is used in the LTE DL, in th particular case of
Frequency Division Multiple Access (FDD). As illustrated, the basic unit for
data transmission, called Physical Resource Block (PRB) or simply Resource
Block (RB), is a two-dimensional (time, frequency) obj ct in a grid. In time
dimension, an RB last 0.5 ms, the length of 1 slot. Two slots form an 1-ms
length subframe. A subframe is the smallest time interval in which LTE as-
signs RBs to UEs (or simply, users), and is called Transmission Time I t rval
(TTI). In the frequency dimension, an RB simply consists of 12 orthog nal
subcarriers (SCs) assigned to an UE during one time slot, which in turn con-
sists of a number of symbol intervals, N slotsym. The smalle t infor ation unit
is the one carried by 1 SC during 1 time sy bol, and is call d esource Ele-
ment (RE). Most of the REs –white REs in Figure 1 (c)– are used to tra smit
user data on specialized physical channels such as Physical Downlink Share
Channels (PDSCHs). The rest of the REs, a reduced umber of them, have
to be reserved for a number of necessary network functio alities such as sig-
naling, control or synchro ization [5, 23, 24, 25, 26] in the physical (PHY)
level. These REs are “overhead” (O) REs. Although it will be explained in
detail later on, controlling the physical ch nnels is motivated, for ins nce,
by the need to decide, depending on u er’s Channel Quality Indicator (CQI),
the Modulation and Coding Scheme (MCS) to be applied on each ser’s REs.
Other overhead REs have to be reserved for Reference Sig als (RSs) (dashed
REs) –which transport some signaling information– and Sy hronizatio Sig-
nals (SSs). These have not been represented in Figure 1 (c) since, like the
others, are not computed at TTI scale, but at frame scale.
As will be shown in the literature review in Section 2, overhead is usually
3
whose size P [51] has also been listed in Table 2. Parameter P is called
“RBG size”. For instance, if the cha nel b ndwidth to be used is BW= 20
MHz then, accordi g to Table 2, NRB = 100 an P = 4.
N slotsym = 7 ymbols/sl t N
TTI
sl t = 2 s o s/TTI N
RB
SC = 12 subcarriers/RB)
With these details in mind (N slotsym = 7, N
TTI
slot = 2 and N
RB
SC = 12), the
number of available REs per TTI stated by (11) leads to
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Figure 3.1: (a) Multiple spatial laye co c pt. (b) T -fr quency r s urce structu e
(normal cyclic prefix case). (c) Ex mple of overhead. See the main text for further
details.
or research papers, and to the best of our knowledge there is no paper m deling and
discussing the influence that all the overhead mechanisms have on di↵erent aspects
of LTE performa ce tha will b shown later n.
Just in this respect, the purpose of this work is to collect overhead information
and synthesize a data-rate ba ed performance model that aims a accurately com-
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puting all the overhead REs within a unified framework. Our dynamic overhead
calculation methodology, which involves both concepts of the PHY level and MAC
sub-level of the Data Link layer (Layer 2), takes into account all the possible va-
riables it depends on: channel bandwidth, scheduling type, transmission antenna
scheme, Hybrid Automatic Repeat Request (HARQ) configuration, and number
and reception conditions of UEs. Therefore, the methodology, which can be eas-
ily adapted for di↵erent LTE system configurations and realistic situations, assists
in: 1) accurately computing the contribution of each overhead mechanism and its
corresponding influence on real data throughput; 2) optimizing throughput (by se-
lecting, when possible, those configurations that minimize overhead); 3) calculating
the maximum number of users per TTI (which are restricted by a limited number
of controlling REs); and 4) dynamically computing throughputs, not only in sin-
gle user scenarios, but also in multi-service and multi-user scenarios with adaptive
multi-antenna transmission techniques for each user.
With this is mind, the rest of this paper is organized as follows. Section 3.2 re-
views the related work, while Section 3.3 focuses on mathematically describing the
problem and exploring the LTE standards and highlighting the technical concepts
that are needed to characterize overhead. In this respect, we have aimed at reaching
a balance between making this paper stand by itself and keeping the number of
necessary technical details not too large. Using such concepts, Section 3.4 models
the di↵erent overhead components while Section 3.5 centers on computing the total
overhead at both TTI and frame scales. Sections 3.6 and 3.7 tackle, respectively,
the problems of computing some required Initial Controlling Symbols REs and the
maximum number of UEs that these enforce. Section 3.8 presents our methodology
to accurately compute both the overhead and the data rate throughput in complex
cases in which there are di↵erent users with di↵erence services. Finally Sections 3.9
and 3.10 discuss the experimental work and the corresponding conclusions, respec-
tively.
For the sake of clarity Table 3.1 lists the acronyms used in this paper.
3.2 Related work
Performance models can be classified into two basic categories. The first one,
formed by power-control based models, focuses on power optimization by taking
into account both the system configurations and the service area as a function of
Signal-to-Interference-plus-Noise Ratio (SINR) distributions [40, 77]. Usually the
involved powers are variables in optimizing objective functions (Channel Quality,
Quality of Service –QoS–, etc.) which, in turn, are functions of SINR. There are
several approaches for power optimization involving non-linear objective functions
in which an interference matrix contains non-linear power coupling elements [78–81].
The second category of performance models, called rate-control models, tackles
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Table 3.1: List of acronyms used in this paper.
Acronym Meaning
2G, 3G, 4G Second, Third, ForthGeneration
BS Base Station
BW Bandwidth
C-RNTI Cell’s Radio Network Temporary Identifier
CQI Channel Quality Indicator
CRB Contiguously allocated Resource Blocks
CRC Cyclic Redundancy Check
DCI Downlink Control Information
DL Downlink
ECR E↵ective Code Rate
EDGE Enhanced Data Rates for GSM Evolution
eNB Evolved Node B
FDD Frequency Division Duplex
GSM Global System for Mobile Communications
HARQ Hybrid Automatic Repeat Request
HSPA High Speed Packet Access
IP Internet Protocol
LTE Long Term Evolution
MAC Media Access Control sub-level
MAT Multiple Antenna Technology
MCS Modulation and Coding Scheme
MIMO Multiple-Input and Multiple-Output
OFDMA Orthogonal Frequency-Division Multiple Access
PCFICH Physical Control Format Indicator Channel
PDCCH Physical Downlink Control Channel
PDSCH Physical Downlink Shared Channels
PDU Protocol Data Unit
PHICH Physical Hybrid-ARQ Indicator Channel
PHY Physical level
PRB Physical Resource Block
QAM Quadrature Amplitude Modulation
QoS Quality of Service
QPSK Quadrature phase-shift keying
RB Resource Block
RBG Resource Block Group
RE Resource Element
ROHC RObust Header Compression
RRC Radio Resource Control
RS Reference Signal
RTP Real-time Transport Protocol
SC Sub-carrier
SISO Single-Input and Single-Output
SNIR Signal to noise-and-interference ratio
SS Synchronization Signal
TB Transport Block
TBS Transport Block Size
TCP Transmission Control Protocol
TTI Transmission Time Interval
TxD Transmit Diversity
UDP User Datagram Protocol
UE User Equipment
VoD Video on Demand
VoIP Voice over IP
VRB Virtual Resource Block
WCDMA Wide-band Code Division Multiple Access
the problem of maximizing data-rate taking into account the combination of system
configurations and data-rate provision as a function of the load (rate) distribution.
The model we propose in this paper belongs to this rate-control approach. In con-
trast to power-control models, the service requirement in rate-control models is not
an SINR threshold, but a required data volume to be served during a given time
period [40, 41, 71]. The performance model is then the near-optimum solution to
provide the demanded data-rate in the target area within the best system configu-
ration. Although of great interest for LTE networks, however, rate-control models
have been less investigated [30,66,67,72] since they have non-linear relations between
cell loads [41].
Among the research papers on LTE data-rate performance models, overhead is
usually estimated as either a constant value (regardless of operation conditions) [67],
or as a percentage of the total available resources [30, 57, 66, 72], or even assuming
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some overhead mechanisms as negligible [82]. Regarding this, the data-rate model
in [82] aims at evaluating LTE performance, based on a clear overview of the basic
LTE features, including its di↵erent transmission schemes. However, due to its
introductory character, the fundamental concept of resource allocation in LTE has
not been analyzed in detail. As a consequence, the model does not consider that
overhead depends on the vast number of possible configuration flexibilities.
As mentioned, one of the approaches found in the literature consists in assuming
overhead as a constant value [67,83]. Specifically, the authors in [67] have expanded
the peak data-rate model with an overhead count for a single user, although assuming
a constant number of overhead controlling symbols per frame. Specifically, the
results described in this work correspond to 2 particular cases of 1 ⇥ 1 and 4 ⇥ 4
schemes (n-Tx ⇥ m-Rx) for the lowest and highest bandwidths and for a single user,
concluding that the throughput gain is proportional to the bandwidth expansion.
The dynamic overhead calculation and multi-user throughput scenario with adaptive
multi-antenna transmission techniques per user have not been considered.
Another interesting group of data-rate based models are those that assume over-
head as a percentage of the total amount of available resources [30, 57, 66, 72, 84].
Specifically, the data-rate performance model explored in [72] aims at estimating
LTE peak data-rate by considering that the transmitted data volume is equal to the
highest Transport Block Size (the one delivered by the MAC sub-level to the PHY
level during 1 TTI) allowed for a single user. RS overhead has been estimated as a
percentage of the total amount of RE: 4.8%, 9.5% and 14.3% for 1,2, and 4 trans-
mitting antennas respectively [72]. In a similar approach, the influence of overhead
on data rate has also been studied in [66], which focuses on describing a system
simulator that includes overhead for signaling and controlling as percentages of the
total resources. In particular, in DL, RS overhead have been assumed to be 4.55%,
9.09%, and 12.12% for 1, 2, and 4 receiving antenna, respectively, while control
overhead is assumed to be 1-3 symbols per subframe (about 12-21%). A third and
more recent work is [30], which explores the feasibility of using LTE for smart grids.
It makes use of a model that takes into account the number of REs available for the
PDCCH (within a downlink sub-frame) by subtracting those REs reserved for Phys-
ical Control Format Indicator Channel (PCFICH), Physical Hybrid-ARQ Indicator
Channel (PHICH), and RSs. However, SSs, at frame scale, have not been used in
this work. Also in the approach of modeling overhead as a percentage of total re-
sources, [84] has recently investigated the performance of signaling overhead caused
by keep-alive messages (generated from always-on applications) based on LTE Radio
Resource Control (RRC) state transition method for various RRC inactivity timer
settings, although without considering the handover related signaling.
A key point to note in the works reviewed so far is that overhead, as we under-
stand it, refers to those REs that are used to carry out signaling, control and synchro-
nization information which involve tasks at PHY level and MAC sub-level. There are
however other research papers that, using a number of di↵erent viewpoints, tackle
particular aspects related to overhead, such as in tracking and paging [85–87], han-
dover [88,89], non-conventional CQI reporting schemes with reduced overhead [90],
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core network signaling overhead [91], and those features related to overhead caused
by protocols’ header information in the levels above MAC sublayer [83, 92]. Re-
garding this miscellanea of heterogeneous papers with di↵erent approaches, all the
overhead-headers added by protocols in layers above the MAC sublayer will be
assumed in our approach as part of the protocol data unit (PDU) that the MAC
sublayer receives. Examples of protocols (above the MAC sublayer) very commonly
used in LTE are: Hypertext Transfer Protocol (HTTP) and Real-time Transport
Protocol (RTP) in Layer 5 (Application), or Transmission Control Protocol (TCP)
and User Datagram Protocol (UDP) in Layer 4 (Transport), or Internet Protocol
(IP) in Layer 3 (Network), or RObust Header Compression (ROHC) protocol in
Layer 2. For instance, Voice over IP (VoIP) in LTE uses the ROHC protocol for
IP/UDP/RTP header-compression, and a semi-persistent scheduling strategy to as-
sign resources to users (adequate for services characterized by periodic and frequent
transmission of small packets such as VoIP) [93–96]. TCP/IP protocols are more
used for mobile Internet, for which dynamic scheduling (every 1ms TTI) is more
used [92]. Regardless of the protocols used for one service or another (and whose
overhead-headers are already included in the PDU that the MAC sublayer receives),
the overhead at PHY+MAC level described in Section 3.1 must always be applied.
Thus, this kind of overhead plays a key role to accurately compute LTE per-
formance (basically, data throughput T ) in a variety of feasible configurations, and
despite of this, it has not received much interest in the technical literature to the
point that, to the best of our knowledge, there is no model containing all compo-
nents and dependencies. In view of the lack of an in-depth and comprehensive LTE
DL data throughput-based performance model including the influence of all PHY +
MAC -related overhead contributions, we present the model that follows.
3.3 Problem statement: mathematical formula-
tion and necessary technical background
3.3.1 Throughput and overhead: mathematical approach
As mentioned, one of the goals of this work is to accurately compute the DL data
rate or throughput, T (bit/s), taking into account the existence of the mentioned
overhead. T (bit/s) is simply the number of physical-level bits which are transmitted
during one TTI, the aforementioned minimum interval time in which the system
assigns resources to users. The user data block that the MAC sub-level delivers
to the PHY one during 1 TTI is referred to as Transport Block (TB), while its
corresponding number of physical-level bits is known Transport Block Size (TBS).
Using such a terminology, the user throughput can be written as
T (bit/s) = TBS (bit)
TTI (s)
) T (bit/s) = TBS (bit)
10 3s
= 103 · TBS(bit). (3.1)
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Intuitively, as can be inferred from what was mentioned in Section 3.1, user
throughput increases as the number of assigned RBs (and consequently, the number
of REs) gets bigger. As there are some REs (for instance, those necessary for
Synchronization Signals) which are used only once per frame, throughput calculation
may have di↵erent values depending on whether the time interval considered ( t)
is either 1 TTI or 1 frame. This is why we will label the total number of useful REs
(that is, those for user data) during a time interval  t (either 1 TTI or 1 frame) as
U tTOT [REs] .= A tTOT  O tTOT, (3.2)
where A tTOT and O tTOT represent, respectively, the total number of available (all the
REs in Figure 3.1 (c)) and overhead REs. Superscript  t in Expression (3.2) is not
superfluous since, as will be shown later on, it will assist us in modeling a variety
of di↵erent situations using a unified formalism. For instance, computing overhead
at TTI scale ( t = 1 TTI) is specially practical in applications using Transmission
Control Protocol (TCP), in which user’s tra c is bursty and dynamic. However,
services such as VoIP, in which packets are small, periodic and semi-static in size,
require persistent scheduling for allocating resources to a UE for a longer time period
than one TTI ( t = p TTI, p being an integer).
To proceed further with LTE throughput modeling, it is convenient to consider
that not all the physical-level bits are used to transport user data but also to detect
errors –for instance, Cyclic Redundancy Check (CRC) bits–. The number of CRC
bits to be appended to a TB is related to the channel coding applied, which, in sort,
consists in [14, 148]: 1) Appending 24 CRC bits (to provide error detection) at the
end of any TB; 2) Segmenting the transport block into code blocks; 3) Processing
each code block with a 1/3 turbo coder; 4) Reassembling the resulting code blocks
forming a single codeword.
The practical consequence for the purpose of this paper is that, essentially, a
codeword is a TB with error protection (1 codeword = TBS +24 bits), whose 24
CRC-bits can not been used for user data. This a↵ects the e ciency of this channel
coding process. Such e ciency can be characterized by using the E↵ective Code
Rate (ECR) concept. It can be defined as
ECR =
TBS + 24
UTTITOT ·Q
(3.3)
where Q is the modulation order or number of bits associated to the MCS used.
The E↵ective Code Rate in Expression (3.3) can only take a number of values
in LTE. These values have been defined in the Technical Specification [149] as a
function of the channel quality the UE is receiving. This quality is quantized by
a parameter called Channel Quality Indicator (CQI) [149], directly related to the
Signal to noise-and-interference ratio (SNIR) at user’s receptor. Table 3.2 lists the
ECR values used in LTE (labeled ECRMCS) as a function of the CQI values, which
have been defined as integer numbers ranging from 1 to 15. Note that high CQI
values (10 6 CQI 6 15) mean that the UE reception is very good, what allows for
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using high order modulation schemes (64-QAM, in this CQI interval).
Table 3.2: E↵ective Code Rate values used in LTE (labeled ECRMCS) as a function
of the Channel Quality Indicator (CQI). MCS stands for Modulation and Coding
Scheme. Q is the modulation order. Information extracted from [149].
CQI Modulation Q ECRMCS
1
QPSK 2
0.076
2 0.117
3 0.188
4 0.301
5 0.438
6 0.588
7
16QAM
4
0.369
8 0.478
9 0.601
10
64QAM 6
0.455
11 0.554
12 0.650
13 0.754
14 0.825
15 0.926
Accordingly, considering the allowed ECRMCS values in Table 3.2, the Transport
Block Size in Expression (3.3) can be rewritten as
TBS [bits] = ECRMCS · UTTITOT ·Q  24, (3.4)
whose value can be increased by using multiple antenna transmission schemes [14].
Specifically, to increase data rate, multiple antennas can be used: 1) in Trans-
mitting Diversity (TxD) –to increase of the transmission robustness against multi-
path fading– or 2) in Spatial Multiplexing –also called MIMO (Multiple-Input and
Multiple-Output) [150], which transmits multiple signal streams to a single user on
multiple spatial layers created by antennas combinations–. Thus, there are several
parallel streams between the n transmitting (Tx) antennae and the m receiving
(Rx) antennae over the same bandwidth [60, 151, 152]. Thus, when using multiple
antennae schemes, Expression (3.4) becomes into
TBS = ⌦ · (ECRMCS · UTTITOT ·Q  24), (3.5)
where ⌦ is a multi-antenna transmission factor related to the maximum number of
data streams that can be transmitted between the involved antennae.
Note that Expression (3.5) represents the TBS (bits) in the simplified case in
which: 1) There is only one user so that all the available data resources can be
assigned to it; and 2) All the useful resource elements UTTITOT use the same MCS.
Regarding this, we can remove the “single-user hypothesis” by assuming that
there are NTTIiUE users to be served during a generic TTIi. Depending on the schedul-
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ing strategy adopted [153–155], a fraction wj of the RBs could be assigned to each
j (with j = 1, 2, · · · , NTTIiUE ) during TTIi,
wj =
N
UEj
RB
NRB
(3.6)
N
UEj
RB being the number of RBs assigned to user j. Note that Expression (3.6) must
fulfill
N
TTIi
UEX
j=1
wj = 1. (3.7)
With the condition stated by Expression (3.7), the number of bits in the TBS
given by Expression (3.5) leads to
TBSi =
N
TTIi
UEX
j=1
⌦j ·
⇣
wj · UTTIiTOT ·Qj · ECRMCSj  N iCRC · 24
⌘
(3.8)
where subscript i refers to TTI number i and subscript j has been included in Qj
and ECRMCSj (because they can take di↵erent values for any user j). UTTIiTOT is simply
Expression (3.2) for  t = 1 TTI, that is, UTTIiTOT = ATTIiTOT   OTTIiTOT. N iCRC is the
number of CRC units per TB in TTI number i.
Assuming full bu↵er tra c per user (UEs are continuously downloading data at
whatever data rate they can achieve) [156], then N iCRC = N
i
UE, and thus
TBSi =
N
TTIi
UEX
j=1
⌦j ·
⇣
wj · UTTIiTOT ·Qj · ECRMCSj  N iUE · 24
⌘
(3.9)
Finally, we can proceed further by removing the second simplifying hypothesis by
considering the most realistic case in which each MIMO stream is transmitted with
di↵erent MCS parameters. Accordingly, for each MIMO user with n = 1, · · · ,⌦j (j
indexing the users in TTI number i), Expression (3.9) can be generalized to
TBSi =
N
TTIi
UEX
j=1
⌦jX
n=1
⇣
wj · UTTIiTOT ·Qj,n · ECRMCSj,n  N iUE · 24
⌘
(3.10)
Note that TBS increases with UTTITOT. As stated in Expression (3.2), for  t = 1
TTI, the only feasible way for UTTITOT to grow is that OTTITOT decreases, since ATTITOT is
a constant value once the bandwidth to be used has been chosen. The reason is as
follows. Since a RE is the grid element consisting in the use of an SC during a time
symbol, then the number of available resource elements in a TTI (the scheduling
time interval) will be
Problem statement 61
ATTITOT = N slotsym ·NTTIslot ·NRBSC ·NRB, (3.11)
where N slotsym is the number of symbols per slot, N
TTI
slot is the number of slots per
TTI, NRBSC is the number of SC per RB, and NRB is the number of RB. N
slot
sym and
NRB depend on some details of the two-dimensional RE grid. In the time domain,
N slotsym, is determined by the use of a Cyclic Prefix (CP) to mitigate the Inter Symbol
Interference (ISI). Considering the normal CP duration, each slot can accommodate
N slotsym = 7 OFDM symbols of 66.7 µs duration each. In the frequency domain, with
a SC spacing of 15 KHz, the number of RBs to be assigned to a UE, NRB, depends
on the scalable channel bandwidth (BW): 1.4, 3, 5, 10, 15 and 20 MHz. Table 3.3
lists NRB as a function of the channel bandwidth [157]. In turn, the resource blocks
to be used are grouped in blocks called “Resource Block Groups” (RBGs), whose
size P [157] has also been listed in Table 3.3. Parameter P is called “RBG size”.
For instance, if the channel bandwidth to be used is BW= 20 MHz then, according
to Table 3.3, NRB = 100 and P = 4.
With these details in mind (N slotsym = 7, N
TTI
slot = 2 and N
RB
SC = 12), the number of
available REs per TTI stated by (3.11) leads to
ATTITOT = 168 ·NRB (3.12)
which, as mentioned, is a constant value once NRB is set through the choice of BW
in Table 3.3. This leads again to the conclusion that, to maximize TBS in (3.10),
O tTOT must be minimized. And to do that properly, we must model O tTOT, which
will be done in Section 3.4. Prior to do this, we need some concepts, which will be
summarized in the following Subsection 3.3.2.
Table 3.3: Number of resource blocks (NRB) and Resource Block Groups size (P )
as a function of LTE bandwidth (BW) [157].
BW (MHz) 1.4 3 5 10 15 20
NRB 6 15 25 50 75 100
RGB Size (P ) 1 2 2 3 4 4
3.3.2 Additional background
As mentioned before, most of the available REs ATTITOT in Expression (3.12) –
white REs in Figure 3.1 (c)– are used to transmit user data. The rest, the overhead
REs, have to be reserved for a number of tasks related to signaling, control or
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synchronization. Accurately computing O tTOT (Section 3.4) demands some neces-
sary background involving not only resource allocation (Subsection 3.3.2) but also
some additional PHY layer processes and multi-antenna concepts (Subsection 3.3.2).
These are the objectives of the following two sections.
Resource Allocation: some necessary details
We have mentioned that the smallest resource allocation unit in LTE is the PRB
assigned during 1 TTI, the smallest scheduling time interval (1 ms subframe in
Figure 3.1 (b)). That is, the user’ TB is delivered by the MAC sublayer to the PHY
layer (in a group of RBs) once every TTI. Aiming at assisting the DL scheduler
to properly decide on resource allocation, the instantaneous channel-quality at any
UE has to be estimated and sent back to the base station (e-Node B), ideally, as
often as once per subframe [82]. In this respect, the Physical Downlink Control
Channel (PDCCH) carries, for each UE, these scheduling assignments in a group
of bits called “Downlink Control Information” (DCI) [149]. DCI carries, among
others, two essential resource allocation data: 1) resource assignment information
(the dimension of the resources assigned to each UE); and 2) the MCS to be used
in the scheduled resources.
The dimension or amount of resources assigned to a given user is basically the
number of PRBs to fulfill his/her communication needs. The required PRBs are
grouped depending on a number of strategies. LTE standard [149] defines three
DL “Resource Allocation Types” (Type 0, Type 1, and Type 2) [14]. Assuming
that the PRBs are ordered in increasing frequency, as shown in Figure 3.2, these
are mapped to the so-called “Virtual Resource Blocks” (VRB), labeled by using
identifying numbers (VRB #). In this context, a Resource Block Group (RBG) is
simply a set of consecutive VRBs. For illustrative purposes, Figure 3.2 represents
an example with 13 RBGs (ordered with numbers #0, · · · ,#12) for a bandwidth
BW = 5 MHz.
In general, the number of RBs in each RBG, the “RBG size” P (already listed
in Table 3.3), is a function of the system bandwidth, BW. Thus, once the BW value
to be used has been stated, according to Table 3.3, the number of RBs to be used,
NRB, is automatically set, so that the number of Resource Block Groups for DL will
be [14, 158]
NRBG =
⇠
NRB
P
⇡
, (3.13)
which, as will be shown, plays an important role when computing the overhead in
an accurate way.
Figure 3.2 will also allow us to briefly describe the details of resource allocation
types that play a role in computing overhead. The VRB numberings can corre-
spond either to localized PRBs or to distributed PRBs in frequency space. Resource
allocation Type 0 uses localized RBGs, as those represented in red color in Fig-
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ure 3.2. Resource allocation Type 1 adds frequency diversity [14] to Type 0, by
re-grouping the RBGs into “subsets”. Each subset contains a selected number of
VRBs distributed in frequency within di↵erent RBGs. Figure 3.2 shows two subsets
(“Subset 0” and “Subset 1”) in resource allocation Type 1. Finally, in resource
allocation Type 2, the DCI resource assignment information indicates (to each as-
signed UE) a set of contiguously allocated VRBs, either localized or distributed.
Localized VRB allocations can range from a single VRB up to a maximum number
of VRBs constrained by the system bandwidth. In this case, as represented in Fig-
ure 3.2, the resource allocation field consists of a resource indication value labeled
“starting resource block” (RBstart), and a length in terms of “Contiguously allocated
Resource Blocks” (CRB), LCBR. The reader interested in deeper details is referred
to Section 7.1.6 in [149].
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11
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Figure 3.2: Simplified representation of an example of the Resource Allocation Types
when BW= 5 MHz. See the main text for further details.
The DL Resource Allocation Types (Type 0, Type 1, and Type 2) are encoded
in a predefined way using DCI formats, fDCI. These depend on not only the way the
PRBs and VRBs are grouped but also on the multi-antenna transmission scheme
used. Including these concepts in our modeling is just the purpose of the following
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subsection, and the reason why we postpone the necessary description of fDCI to
Table 3.5.
PHY Layer Processes and Multi-antenna Transmission
As introduced in Section 3.3, the user data payload (protocol data unit, PDU)
delivered by the MAC sublayer to the PHY level is used to form the transmission
codeword, which, as mentioned, can be seen as a TB with error protection, because
of the 24-bit CRC attachment and turbo coding. As will be shown, the way the
codewords are processed plays a key role in the overhead modeling.
Depending on the transmission mode to be used, up to 2 codewords can be
transmitted in one subframe. The number of codewords is indicated by using the
parameter q. It only takes two values: q 2 {0, 1}, where q = 0 means single code-
word, and q = 1 refers to 2 codewords. Using one value or another depends on
the DCI format fDCI, which, as will be summarized in Table 3.5, contains informa-
tion about the resource scheduling type and about the multi-antenna transmission
scheme. Note that it is necessary for any UE to receive information of these and
other technical details. Figure 3.3 is useful in this respect because it represents
schematically the PHY-layer processes involved [14, 159].
  S  
C-RNTI
  S  
 MM 
 MM 
necessary description of fDCI to Table 4.
3.2.2. PHY Layer Processes and Multi-antenna Transmission
As introduced in Section 3.1, the user data payload (protocol data unit,
PDU) delivered by the MAC sublayer to the PHY level is used to form the
transmission codeword, which, as mentioned, can be seen as a TB with error
protection, because of the 24-bit CRC attachment and turbo coding. As
will be shown, the way the codewords are processed plays a key role in the
overhead modeling.
Depending on the transmission mode to be used, up to 2 codewords can
be transmitted in one subframe. The number of codewords is indicated by
using the parameter q. It only takes two values: q 2 {0, 1}, where q = 0
means single codeword, and q = 1 refers to 2 codewords. Using one value or
another depends on the DCI format fDCI, which, as will be summarized in
Table 4, contains information about the resource scheduling type and about
the multi-antenna transmission scheme. Note that it is necessary for any UE
to receive information of these and other technical details. Figure 4 is useful
in this respect because it represents schematically the PHY-layer processes
involved [39, 20].
Figure 4: Simplified representation of Physical Channel Processing. S means scrambling,
MM is modulation mapper, LP stands for layer mapper, P means precoding.
In the first step of Figure 4, the codewords are scrambled using an identi-
fier called C-RNTI (Cell’s Radio Network Temporary Identifier), generating a
bit sequence, which is then modulated using the assigned modulation scheme
(specified by the corresponding user’s CQI value). The resulting modulation
symbols for each codeword are processed by a Layer Mapper with M layers.
The number of layers to be used, M , depend on the Rank Indication (RI)
sent uplink from the UE. The Layer Mapper works as follows:
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Figure 3.3: Simplified representation of Physical Channel Processing. See the main
text for further details.
In the first step of Figure 3.3, the codewords are scrambled using an identifier
called C-RNTI (Cell’s Radio Network Temporary Identifier), generating a bit se-
quence, which is then modulated using the assigned modulation scheme (specified
by the corresponding user’s CQI value). The resulting modulation symbols for each
codeword are processed by a Layer Mapper with M layers. The number of layers to
be used, M , depend on the Rank Indication (RI) sent in the uplink from the UE.
The Layer Mapper works as follows:
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  In the case of a single antenna transmission, the content of the single codeword
(q = 0) is simply mapped to a single layer.
  For transmit diversity, the standard [159] only allows the use of a single code-
word (q = 0), and thus the modulation symbols of the codeword are distributed
among 2 or 4 layers. Note that in this case, transmit diversity only improves
the UE’s reception condition by duplicating the same transmitted streams,
thus allowing the use of higher order MCS.
  In spatial multiplexing, either one or two codeword can be utilized (q = 0 or
q = 1, respectively). In spatial multiplexing, also known as MIMO, di↵erent
parallel streams are transmitted over each antenna, thus increasing the data-
rate two-fold. In MIMO implementations, generally, one codeword is mapped
to one layer, while 2 codewords to 2 layers (2⇥2 MIMO).
In a configuration with up to 4⇥4 antenna scheme (4Tx ⇥ 4Rx transmit diversity
or 4⇥4 MIMO spatial multiplexing), the available combinations form the 5 possible
layer mapping cases, based on the specifications [159], are listed in Table 3.4.
Table 3.4: Summary of layer mapping cases for spatial multiplexing in a configura-
tion with up to 4⇥4 MIMO, derived from [159]. It provides factor ⌦max as a function
of the layer mapping used, depending on the number of layers N .
Case Number of Number of Layer Mapping ⌦max
codewords layers, N cases
A 1 (q = 0) 1 Single codeword mapped to single layer 1
B 1 (q = 0) 2 Codeword symbols are splitted (even/odd) 1
between 2 layers. (Only used for 4TX)
C 2 (q = 1) 2 1st codeword is mapped to the 1st layer 2
2st codeword is mapped to the 2st layer
(Both codewords are of the same length)
D 2 (q = 1) 3 1st codeword is mapped to the 1st layer 2
2st codeword is splitted (even/odd)
between the 2nd and 3th layers.
(1st codeword is half the length of the 2nd one.)
E 2 (q = 1) 4 1st codeword is splitted (even/odd) 4
between the 1st and 2nd layers.
2nd codeword is splitted (even/odd)
between the 3rd and 4th layers.
(Both codeword are of the same length.)
The multi-antenna transmission factor, ⌦, on the rightmost column, and early
introduced in Expression (3.5), is related to the number of streams that can be
transmitted between the involved antenna [14]. In other words, ⌦ is the Spectral
E ciency Gain. The parameter ⌦max represents the maximum multiplexing gain for
each spatial multiplexing scheme that will be used for data-rate calculation purposes.
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Once the layer mapping is carried out, the precoding stage in Figure 3.3 (which
relates M layers to N antenna ports, with M 6 N) is applied to the modulation
symbols of each layer. For doing this, the corresponding precoding information, the
“Transmit Precoding Matrix Information” (TPMI), is communicated to the UE in
the DCI, along with other resource allocation information.
Finally, the precoded symbols are mapped to the appropriate antenna ports,
generating the corresponding OFDM signals. For further details, which would be
out of the scope of this paper, the interested reader is referred to [150].
It is worth to mention that in MIMO configurations, the parallel streams are
interleaved between the MIMO sub-channels. Thus, the average SINR experienced
by the transmitted symbols is the average of the SINRs from all MIMO sub-channels.
The theoretical 2-fold and 4-fold gains (i.e the ⌦max values in Table 3.4) for 2⇥2
and 4⇥4 MIMO multiplexing, is conditional to the fact that the parallel channels
maintain their SNIR high enough, so that all channels can support the same MCS
level. The report in [160], summarizes the results of various 3GPP performance
verifications and simulations studies on estimating the spectral e ciency conversion
gains of di↵erent MIMO schemes. Considering Single Input and Single Output
(SISO) antenna scheme as reference case (with ⌦ = 1), this study reveals that the
E↵ective Spectral E ciency Gain (⌦) for spacial multiplexing using 2 Tx and 2
Rx antennas is 1.7, instead of 2, and for spacial multiplexing using 4 Tx and 4 Rx
antennas is 3.2, instead of 4. In other words:
  for 2⇥2 MIMO: ⌦max = 2 , and ⌦ = 1.7
  for 4⇥4 MIMO: ⌦max = 4 , and ⌦ = 3.2
We complete this section by using Table 3.5, which summarizes those possible
cases that combine the resource allocation strategies (Subsection 3.3.2) along with
the multi-antenna transmission schemes (3.3.2) [60, 150]. Each combination corre-
sponds to a DCI formats fDCI. These and the number of codewords to be used (in
terms of factor q) will assists us in accurately modeling the involved overheads. This
is just the purpose of Section 3.4.
The reader is referred to [150] for further details on multi antenna techniques
and precoding mechanisms in LTE.
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Table 3.5: Downlink Resource Allocation Types (Type 0, Type 1, and Type 2),
and the description of the DCI formats fDCI. Open-loop MIMO does not require
knowledge of the channel at the transmitter. Derived from [158].
DL Scheduling type DCI format (fDCI) Content q
Type 0 (RGB based)
1 RGB based, single port + TxD 0
2 RGB based, Closed Loop MIMO 0, 1
2A RGB based, Open Loop MIMO 0, 1
Type 1 (Subset based)
1 Subset Based, Single Port + TxD 0
2 Subset Based, Closed Loop MIMO 0, 1
2A Subset Based, Open Loop MIMO 0, 1
Type 2
1 VRB Based, TXS 0
2 VRB Based, Closed Loop MIMO 0
2 VRB Compact 0
2A VRB Based, MU-MIMO [151] + Power O↵set 0
3.4 Overhead mechanisms in Physical Layer for
Downlink
There are several mechanisms that generate overhead: Physical Downlink Con-
trol Channel Overhead (3.4.1), Reference Signal Overhead (3.4.1), Physical Hybrid
ARQ Indicator Channel Overhead (3.4.1), Physical Format Indicator Channel Over-
head (3.4.1), Synchronization Signal Overhead (3.4.2) and Broadcast Channel Over-
head (3.4.2). The last two are repeated only once per frame, while the first four are
repeated once per TTI.
3.4.1 Overhead mechanisms with period 1 TTI
As reviewed earlier, a TTI is the minimum allocation unit in LTE. In addition
to users data, the TTI shall carry the controlling and signaling information within
Physical Downlink Shared Channel (PDSCH). The PDSCH occupies a number of
initial symbols of each TTI, as illustrated in Figure 3.4, thus reducing the available
space for data symbols. In continuation we review: the purpose for each of the
overhead signals in PDSCH, how they are formed in LTE, and what overhead they
impose per TTI.
Modeling the Physical Downlink Control Channel Overhead
We have mentioned in Subsection 3.3.2 that the DCI in the PDCCH carries
UE-specific scheduling assignments. The DCI has a variable size (number of bits)
because it carries di↵erent information for a wide variety of cases (as listed in Table
3.5). To identify these cases, we have also mentioned that the Technical Specification
[149] defines di↵erent DCI formats, fDCI, which are nothing but predefined formats
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Figure 3.4: Data and Controling Symbols in Downlink TTI visualization, represent-
ing the PDCCH, PHICH, PCFICH, and RS signals, and considering the REG and
CCE grouping conceptrs
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in which the downlink control information is formed/packed in a standardized way,
and transmitted in the PDCCH.
To accurately estimate the overhead generated by a PDCCH, OTTIPDCCH (number
of REs), it is convenient to know how it is constructed. This is as follows: 1) Four
REs (which have not been previously assigned to other controlling resources) are
grouped forming a “Resource Element Group” (REG) [14]. 2) In turn, 9 REGs
form a “Control Channel Element” (CCE). 3) Any PDCCH is transmitted on an
aggregation of one or several consecutive CCEs. As a consequence, if NCCE labels
the number of necessary CCEs, the number of overhead REs for the PDCCH of a
single user will be
OTTI, 1UEPDCCH = 4 · 9 ·NCCE = 36 ·NCCE. (3.14)
The REG and CCE grouping are shown in Figure 3.4, within an example visu-
alization of a TTI.
However, to schedule multiple users, a number of PDCCHs with di↵erent formats
can coexist in a TTI. Let N iUE be the number of UEs scheduled in the i-th TTI. In
the worst case, the PDCCH corresponding to each UE may have a di↵erent format,
leading to di↵erent values of N jCCE per user, (j = 1, · · · , N iUE, i being the TTI index).
Thus, the number of overhead REs for the PDCCH of N iUE users in a generic i-th
TTI will be
OTTI, NiUEPDCCH = 36 ·
N iUEX
j=1
N jCCE (3.15)
Note in Expression (3.15) that the key point to compute accurately OTTI, NiUEPDCCH is
the N jCCE value of the j-th UE.
In this respect, NCCE can not take any number of REs. The LTE specification
[159] states that NCCE can only be either 1, 2, 4, or 8 REs, depending on the required
NREG. In turn, NREG is related to the “PDCCH bit length”, LPDCCH, which is
nothing but the necessary number of bits to transport the DCI corresponding to
each UE. The specification [159] defines four di↵erent intervals for LPDCCH, which
corresponds to four PDCCH “formats”. Table 3.6 shows the NCCE allowed sizes (1,
2, 4, or 8 REs), and the corresponding PDCCH formats (“0”, “1”, “2”, or “3”) as
a function of the allowed LPDCCH intervals.
The question arising here is how LPDCCH can be computed. Since a PDCCH is
made of the concatenation of one DCI with 16 scrambled CRC bits, followed by a
coding with rate 1/3, then
LPDCCH = 3 · (LDCI + 16) (bit) (3.16)
where LDCI is the DCI bit length, or number of bits that are necessary to encode
the DCI information.
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Table 3.6: PDCCH Construction Parameters [159]: NCCE, NREG, and PDCCH For-
mat as a function of the LPDCCH interval. See [14] for further details.
LPDCCH interval NCCE NREG PDCCH Format
up to 72 1 9 0
72 < LPDCCH 6 144 2 18 1
144 < LPDCCH 6 288 4 36 2
288 < LPDCCH 6 576 8 72 3
The exact bit level content of each DCI format is defined in Section 5.3.3 of the
3GPP standard [148]. The DCI length LDCI[bits] is a function of the system BW
(via NRB), and of the DCI formats fDCI (summarized in Table 3.5). Being more
concrete, Table 3.7 lists the expression to compute LDCI. It depends on: 1) NRB
and P (or equivalently, on the BW –Table 3.3–); 2) The number of bits (a, b, and c)
used for indicating the number of transmission antennae to be use (TPMI precoding
information), and whose values have been listed in Table 3.8; and 3) The number
of transmitted codewords (via parameter q), which is a function of the resource
scheduling and the multi-antenna transmission scheme (Table 3.5).
Table 3.7: Expressions to compute the DCI length (LDCI [bits]) as a function of the
downlink scheduling type [14]. The values of a, b, and c, used for indicating the
number of transmission antennae are listed in Table 3.8. Table 3.5 describes the
DCI formats.
Scheduling type DCI format LDCI(bit)
Type 0
1 dNRB/P e+ 16
2 dNRB/P e+ 7 + a+ 8 · (q + 1)
2A dNRB/P e+ 7 + b+ 8 · (q + 1)
Type 1
1 dNRB/P e+ 16
2 dNRB/P e+ 7 + a+ 8 · (q + 1)
2A dNRB/P e+ 7 + b+ 8 · (q + 1)
Type 2
1 dlog2(NRB · (NRB + 1)/2)e+ 13
2 dlog2(NRB · (NRB + 1)/2)e+ 15 + c
2 dlog2(NRB · (NRB + 1)/2)e+ 16
2A dlog2(NRB · (NRB + 1)/2)e+ 16 + c
Table 3.8: Values of parameters a, b, and c to be used in Table 3.7.
MIMO scheme a b c
2-TX 3 0 2
4-TX 6 2 4
For the sake of clarity, Figure 3.5 summarizes the steps to compute OTTI, NiUEPDCCH .
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Modeling the Reference Signal Overhead
Reference Signals (RSs) are used for transmitting information related to the
required estimations of channel quality and signal level. As explained in [14], the
number of RSs per TTI depends on the number of Tx antennas to be used:
NRS|(1 TTI) =
8<: 8, for n = 116, for n = 2
24, for n = 4
(3.17)
If the user is allowed to use NRB in a given TTI, then the number of REs per
TTI reserved for RS-overhead will be
OTTIRS = NRS|(1 TTI)(n) ·NRB (3.18)
Apart from these cell-specific RSs (often referred to as “common” RSs, as they
are available to all UEs in a cell [14]), which are present in all data transmitting DL
subframes, there are other reference signals that only appear in specific conditions:
1) UE-specific RSs, which may be embedded in the data for specific UEs; and 2)
Multimedia Broadcast Single Frequency Network (MBSFN)-specific RSs, which are
only used for Multimedia Broadcast Single Frequency Network (MBSFN) operation,
to transmit multicast or broadcast data as a multi-cell transmission over a synchro-
nized Single Frequency Network (SFN) [14]. For improving the performance of SFN,
ultra-extended cyclic prefix duration has been recently considered [161] to account
for the larger delay spread, especially in rural and hilly areas. This specific multi-
cell transmission over SFN, using ultra-extended cyclic prefix, is not considered in
general overhead studies [14].
Modeling the Physical Hybrid ARQ Indicator Channel Overhead
Physical Hybrid ARQ Indicator Channel (PHICH) carries the Hybrid-ARQ ac-
knowledgment in DL (corresponding to its previous counterpart uplink data trans-
fers). The number of overhead REs for PHICH can be computed as follows.
A PHICH is placed in the first symbol of each TTI, and is always transmit-
ted using BPSK. Each PHICH carries in turn 3 ACK bits (111) or NACK (000),
which require 3 REs each (with BPSK modulation). In turn, in each TTI, up to
8 PHICHs can be grouped forming one “PHICH group”. The number of PHICH
groups (NgroupsPHICH) is a function of the system BW (via NRB) and is fixed in all sub-
frames. The 3GGP standard has stated an expression to compute the maximum
value for NgroupsPHICH, which for normal CP, is [159,162]
NgroupsPHICH =
⇠
Ng ·
⇣NRB
8
⌘⇡
(3.19)
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to be used, q (which determines the number of transmitted codewords), and
the multiple antenna technique (MAT) to be used:
using BW as input to Table 2: compute NRB, P
Compute fDCI using q and MAT as inputs to Table 4
Compute a, b, and c (for indicating the number of transmission antennae)
using MAT as inputs to Table 7
using NRB, P , fDCI, a, b, and c as inputs to Table 6, compute LDCI(bit)
compute LPDCCH via Exp. 16
using Table 5, compute : NCCE, NREG,
Expr. 15, compute OTTI, NiUEPDCCH
4.1.2. Modeling the Reference Signal Overhead
Reference Signals (RSs) are used for transmitting information related to
the required estimations of channel quality and signal level. As explained in
[22], the number of RSs per TTI depends on the number of Tx antennas to
be used:
NRS|(1 TTI) =
8<: 8, for n = 116, for n = 2
24, for n = 4
(17)
If the user is allowed to use NRB in a given TTI, then the number of REs
per TTI reserved for RS-overhead will be
OTTIRS = NRS|(1 TTI)(n) ·NRB (18)
Apart from these cell-specific RSs, which are present in all data trans-
mitting DL subframes, there are other reference signals that only appear in
specific conditions. Therefore, they can be neglected in general overhead
studies [REF].
4.1.3. Modeling the Physical Hybrid ARQ Indicator Channel Overhead
Physical Hybrid ARQ Indicator Channel (PHICH) carries the Hybrid-
ARQ acknowledgment in DL (corresponding to its previous counterpart up-
link data transfers). The number of overhead REs for PHICH can be com-
puted as follows.
A PHICH is placed in the first symbol of each TTI, and is always trans-
mitted using BPSK. Each PHICH carries in turn 3 ACK bits (111) or NACK
(000), which require 3 REs each (with BPSK modulation). In turn, in each
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puted as follows.
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Figu e 3.5: Summa y of st ps to c mpute OTTI, NUEPDCCH .
where Ng is he “PHICH Group Scali g Factor” [162], and can only take values in
the set {1/6, 1/2, 1, 2}, as shown in Table 3.9. It lists the number of PHICH groups
as a function of BW and Ng.
Table 3.9: Number of PHICH groups as a function of BW and Ng. I formation
obtai ed from 3GPP TS 36.211 [162].
Numb of HICH gro ps, Ng ou sPHICH
BW (MHz)
N 1.4 3 5 10 15 20
1/6 1 1 1 2 2 3
1/2 1 1 2 4 5 7
1 1 2 4 7 10 13
2 2 4 7 13 19 25
Since 1 PHICH group requires 12 REs –because the 8 PHICHs forming a PHICH
group di↵er from each other by orthogonal seque ce i dexes, which impo e a spread-
ing factor of 4 over the 3-bit HICH– t en t e overhead caused by PHICH per TTI
and codeword is simply
OTTI, codewordPHICH = NgroupsPHICH · 12 (REs) (3.20)
We use uperscript “codeword” in Expression (3.20) to emphasize that the HARQ
process is carried out separately for each codeword. To include the number of
codewords, Expression (3.20) can be modified as follows:
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OTTIPHICH = (q + 1) ·NgroupsPHICH · 12 (REs) (3.21)
Modeling the Physical Format Indicator Channel Overhead
The DL Physical Control Format Indicator Channel (PCFICH) is one of the
control channels that works at physical level. It is used to dynamically indicate the
number of OFDM symbols to be used by the PDCCH to transmit the controlling
information in a subframe.
Since the PCFICH is transmitted in the first symbol of each subframe (using
QPSK modulation), and considering that it contains up to 16 REs per TTI, then
the corresponding overhead is
OTTIPCFICH = 16 REs. (3.22)
3.4.2 Overhead mechanisms with period 1 frame
Modeling the Synchronization Signal Overhead
Cell synchronization is a procedure for an UE to acquire the necessary informa-
tion when connecting to an eNB. This synchronization process, which involves two
synchronization channels (SCH) –Primary Synchronization channel (P-SCH) and
Secondary Synchronization channel (S-SCH)–, consists basically of two steps [14].
In the first one, the UE searches for a signal called “Primary Synchronization Signal”
(PSS) [163–165], which enables the UE to be synchronized on subframe level. In a
second step, the UE uses the Secondary Synchronization Signal (SSS) to obtain the
PHY layer cell identity group number. The following details [14] are useful to com-
pute the synchronization overhead. On one hand, transmitting PSS requires to re-
serve a number of REs: Part of the PSS information is transmitted on 2 slots (in the
last symbol of slots 0 and 10) of each frame, over 62 subcarriers centered in the Di-
rect Current (DC) SC (a subcarrier that does not transport information, and is used
by the UE to locate the center of the OFDM frequency band). Thus, it is necessary
to reserve 62 REs per slot. Additionally, another 5 REs before and after the P-SCH
allocation (in each symbol on the 62 subcarriers) are also reserved: (5+5) REs/slot.
As a conclusion: PSS overhead needs 2 slots/frame ⇥ (5 + 62 + 5) REs/slot = 144
REs per frame. On the other hand, but in a similar line of reasoning, SSS requires
to reserve 2 slots/frame ⇥ (5 + 62 + 5) REs/slot = 144 REs per frame. Thus, the
total overhead cause by to both PSS and SSS is
OframeSCH = 288 (REs per frame) (3.23)
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Note that OframeSCH is used (repeated) only once per frame, unlike the previous
one, repeated once per TTI.
Modelling the Broadcast Channel Overhead
The Physical Broadcast Channel (PBCH) is transmitted over 4 symbols (from
0 to 3) of the slot 1 of each frame, on 72 subcarriers centered in the DC subcarrier.
Thus, the corresponding number of REs that must be reserved for PBCH in a frame
is: 4 symbols/slot ⇥ 1 slot/frame ⇥ 72 RE/frame = 288 REs per frame. That is,
PBCH overhead is:
OframePBCH = 288 (REs per frame) (3.24)
3.5 Total overhead O tTOT
At this point, and once we have modeled all its components, superscript  t
used in Expression (3.2) for labeling O tTOT acquires a new clearer meaning. This is
because the global (total) overhead O tTOT depends on the length of  t since there
are some REs (see for instance, OframeSCH in (3.23) and OframePBCH in (3.24)) that do
not appear in all the TTIs but only at a longer scale, that is, “at frame scale”.
Transmitting a long number of user bytes (a big download) that would require to
use several frames should demand to compute the overhead at frame scale.
On one hand, the total number of REs in one TTI, O t=TTIRE , is simply the sum
of all its components:
OTTITOTAL = OTTIPCFICH +OTTIPHICH +OTTIPDCCH +OTTIRS (3.25)
On the other hand, when working at frame scale, as shown in Subsections 3.4.2
and 3.4.2, there are other controlling signals (such as PBCH and SCH) that must be
added since they appear once per frame. These overheads are neither repeated in any
generic TTI nor included in the initial overhead symbols of each TTI. Computing the
overhead throughout a generic frame, O t=frameRE , requires to sum all the overhead
contributions corresponding to the ten TTIs that compose a frame. Note that a
each TTI may contain di↵erent scheduling configuration and, as a consequence, the
number of overhead REs of each TTI, may be di↵erent from each other. If i indexes
the TTIs (with i = 0, 1, · · · , 9), then the number of REs in a complete frame will be
OframeTOT = OframeSCH +OframePBCH +
9X
i=0
OTTI iTOT (3.26)
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3.6 Overhead and Initial Controlling Symbols
Since the three classes of controlling symbols defined by LTE standards for the
Physical DL Shared Channel (PDSCH) always start at the first symbol of each TTI,
they will be called “Initial Controlling Symbols” (ICS) henceforth. As was illustrated
in Figure 3.4, the ICS covers PDCCH, PHICH, PCFICH and and a fraction ↵ of RS
signals. For reasons that will appear clearer some paragraphs below, we formally
group the overhead components corresponding to the ICS during a TTI as
OTTIPCFICH +OTTIPHICH +OTTIPDCCH + ↵ · OTTIRS ⌘ OTTIICS (RE), (3.27)
where OTTIICS labels the number of REs used for ICS within a TTI, and factor ↵
represents the fraction of the RSs that are included in the ICS for each TTI. ↵
depends on the number of transmitting antennas n as
↵(n) =
⇢
1/4, for n = 1, 2
1/3, for n = 4
(3.28)
Furthermore, OTTIICS formula in Expression (3.27) can be rewritten to consider
explicitly the influence of NCCE since, in the worst case, any UE may have di↵erent
N jCCE, (j = 1, · · · , N iUE, i being the TTI index). Taking into account that OTTIPDCCH
is given by Exp. (3.15), then Expression (3.27) can be reformulated as
OTTIICS ⌘
⇣
OTTIPCFICH +OTTIPHICH + ↵ · OTTIRS
⌘
+OTTIPDCCH ⌘
⌘   +OTTI, NiUEPDCCH =   + 36 ·
N iUEX
j=1
N jCCE,
(3.29)
  being
  = OTTIPCFICH +OTTIPHICH + ↵ · OTTIRS , (3.30)
which do not depend on the number of users for CRC bits calculation.
Although not explicitly expressed in Expression (3.27), please note that: 1)
OTTIPHICH is a function of NRB and N gPHICH; 2) OTTIPDCCH depends on NRB, fDCI, n-TX,
and NUE; and 3) OTTIRS and ↵ are functions of n-TX.
The minimum number of controlling symbols that can accommodate the above
calculated controlling REs in a generic TTI will be simply
OTTIICS, symb =
⇠ OTTIICS
12 ·NRB
⇡
(symbols) (3.31)
because in a RB there are NRBSC = 12 subcarriers.
From a practical standpoint, its importance lies in the fact that the standard de-
fines a maximum number of controlling symbols for the Physical DL Shared Channel
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(PDSCH) per subframe, (labelled ⇠ in this paper), as a function of the bandwidth
used. The standard states:
⇠ =
⇢
4, for BW = 1.4 MHz
3, otherwise
(3.32)
so that the rest of the symbols in the subframe can be used for data transmission.
Thus, it is necessary for OTTIICS, symb to fulfill
OTTIICS, symb 6 ⇠, (3.33)
This constrain has two practical consequences. The first one is that it limits
the number of UEs that can be scheduled within a TTI (Section 3.7). The second
consequence can lead to LTE configurations in which there could be a number of
wasted resources in the initial controlling symbols when the symbols are not fully
filled up with the controlling REs. In these cases, computing accurately the overhead
and the capacity demand a methodology that we described in Section 3.8.
3.7 Overhead and maximum number of UEs (with
identical NCCE value) per TTI
Basically, the existence of a maximum number of UEs per TTI lies on the fact
that there is a maximum number of controlling OFDM symbols for shared-data
transmitting subframes (up to ⇠ = 4 for BW of 1.4MHz) (see Expression (3.32)).
This figure is di↵erent from the maximum number of UEs supported by a cell, as
the active users can be scheduled in distributed TTIs.
The OTTIICS, symb calculation in Exp. (3.31) reveals a practical restriction on the
number of UEs that can be scheduled within a specific system configuration. That
is, if the computed OTTIICS for a TTI is greater than ⇠ · 12 ·NRB (where ⇠ = 4 for 1.4
MHz and ⇠ = 3 otherwise) the imposed initial controlling symbols will exceed the
maximum permitted, and as a consequence, the number of scheduled UEs in that
TTI would have to be decreased.
To gain some insight, we can explore the following limiting case in which all the
N iUE UEs are assumed to be identical, thus having identical PDCCH format and
identical NUE, then:
1. Expression (3.15) become into OTTI, NiUEPDCCH = 36 · NCCE · N iUE. By substituting
it in Expression (3.29), then
OTTIICS =   + 36 ·NCCE ·N iUE (3.34)
2. The constrain (3.33) fulfills as:
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OTTIICS = ⇠ · 12 ·NRB (3.35)
From Equations (3.34) and (3.35), we obtain the maximum number of identical
users (with the same type of service and NCCE):
NTTIiUE |MAX =
d⇠ · 12 ·NRB    e
36 ·NCCE (3.36)
3.8 Realistic scenario: multiple users with di↵er-
ent services
Unlike the previous section, it is likely that most users have di↵erent receiving
characteristics and services. This makes more di cult to apply the aforementioned
model since it is based on some simplifying assumptions that we remove here when
presenting the methodology that follows.
The proposed methodology is based on describing the overhead over a TTI OTTITOT
on the basis on the number of initial controlling symbols, which, as mentioned before,
are constrained by inequality (3.33). Apart from the initial controlling symbols
described in Section 3.6, there are a number of REs (used for reference signals),
(1  ↵) · OTTIRS , which have not been reserved for controlling symbols and that must
be account for. This is why OTTITOT can alternatively be written as
OTTITOT = 12 ·NRB · OTTIICS, symb + (1  ↵) · OTTIRS , (3.37)
which, using Expression (3.31) for OTTIICS, symb, leads to the total overhead stated by
(3.25). However, from an operative viewpoint, Exp. (3.37) will allow us to proceed
further in complex scenarios as follows.
Let us assume that, in the i  th TTI, there are NTTIiUE users to be scheduled. Let
NTTIiCCE,j be the NCCE value of UE number j, with j = 1, · · · , NTTIiUE . Note that each
NTTIiCCE,j could be di↵erent from each other because, in general, the users can have
di↵erent characteristics (CQI, services, etc.). The methodology is as follows:
1. Compute OTTI, N
TTIi
UE
PDCCH using Expression (3.15)
2. Calculate the number of overhead REs for ICS, OTTIICS , using Formula (3.29).
3. Compute the maximum integer that fulfills (3.33). Let (OTTIICS, symb)M be that
integer.
4. Substitute (OTTIICS, symb)M into Expression (3.37), leading to
(OTTITOT)M = 12 ·NRB · (OTTIICS, symb)M + (1  ↵) · OTTIRS , (3.38)
78 Experimental work
which allows for estimating the maximum number of useful REs,
(UTTIiRE )M = ARE   (OTTITOT)M (3.39)
5. Introduce (URE)M into Expression (3.9), obtaining
TBSi =
N
TTIi
UEX
j=1
⌦j ·
⇣
wj · (UTTIiRE )M ·Qj · ECRMCSj   24 ·NTTIiUE
⌘
⌘
N
TTIi
UEX
j=1
(TBS)Mj
(3.40)
where (TBS)Mj is
(TBS)Mj · ⌦j .=
⇣
wj · (UTTIiRE )M ·Qj · ECRMCSj   24 ·NTTIiUE
⌘
(3.41)
6. Using Expression (3.1), compute the corresponding throughput for any user j
as:
(TBS)Mj · 10 3 .= Tj (Mbps) (3.42)
3.9 Experimental work
We start our experimental work by considering, as a reference, the “best” case
that will be described in Subsection 3.9.1. It has been obtained by using the proposed
methodology with the optimum parameters that minimize the total overhead. The
reason why we present this case first is to establish a framework that aims to compare
it to other more realistic cases, in which we will progressively remove the optimum
parameters by others that could be used during the normal operation of an LTE
network (Subsection 3.9.2). This will assist us in providing more accurate estimation
of overhead under real operation conditions, and in computing to what extent this
a↵ects the peak data rate, the maximum number of users per TTI (Subsection 3.9.4)
or users’ throughput in a multi service scenario (Subsection 3.9.5).
3.9.1 Reference case
Considering that one single UE is using all resources in each  t, the Rference
Case, corresponds to a 4 ⇥ 4 MIMO configuration (n = 4) with the values of the
involved parameters listed in Table 3.10. These are those that minimize the total
overhead O tTOT (RE).
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Table 3.10: Values of the parameters that minimize the total overhead in the refer-
ence study case. See Table 3.5 for further details.
Scheduling type DCI format fDCI q ⌦ CQI Ng CQI ECRMCS
0 (RGB based) 2A (Open Loop) 1 4 15 1/6 15 0.926
Figure 3.6 shows the total number of overhead REs required within a time in-
terval  t, O tTOT, either 1 TTI or 1 frame, as a function of the scalable LTE BW
(MHz). Note that the overhead at frame scale (blue ⇤ symbols), OframeTOT , is higher
than the overhead computed at TTI scale, OTTITOT (red  symbols). This makes sense
since a frame contains overhead components occurring once per frame (OframePBSH and
OframeSCH ) which do not exist in a generic TTI. On the other hand, and as expected,
both OframeTOT and OTTITOT increase as the BW to be used increases. However, this ab-
solute measure could be misleading. The reason is that, as the BW increases, the
number of total available REs A tTOT also increases, and so does O tTOT. A relative
measure will assist us in better illustrating such an influence. This is why we use
the percentage of overhead relative to total available resources
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100. (3.43)
Regarding this, Figure 3.7 shows metric  O tTOT as a function of the channel
bandwidth, BW(MHz), and parametrized by the interval time (either 1 TTI of
1 frame) during which the overhead is compute,  t. Blue ⇤ symbols represent
 OframeTOT , while red  symbols correspond to  OTTITOT. For comparative purposes we
have also represented two overhead results found in the review: 14.3% [72] (black ⌃
symbol for BW = 20 MHz) and 12.12% [66] (F symbol for BW = 10 MHz).
Contrary to what Figure 3.6 suggests, Figure 3.7 reveals that:
1. The relative influence of overhead reduces as BW increases. Note that for the
maximum bandwidth value, BW = 20 MHz (the bandwidth for which LTE is
able to reach its maximum bit data rates), the percentage (with respect to the
total available resources) of both computed overhead,  OframeTOT and  OTTITOT
tend to an upper bound overhead ⇡ 15.9%.
2. While, for BW= 1.4MHz,  OframeTOT |(BW=1.4MHz)= 31.1% is considerable higher
than  OTTITOT |(BW=1.4MHz)= 25.4%, however, as BW increases their respective
values tend to become closer so that, for the maximum BW value (BW =
20MHz),  OframeTOT |(BW=20MHz)⇡ 15.9% and  OTTITOT |(BW=20MHz)⇡ 15.8%.
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9. Experimental work
We start our experimental work by considering, as a reference, the “best”
case that will be described in Subsection 9.1. This best case has been ob-
tained by using the proposed methodology with the optimum parameters
that minimize the total overhead. We present first this case to compare it
to others in which we will progressively remove the optimum parameters by
others that should be used during the normal operation of an LTE network.
This will assist us in providing more accurate estimation of capacity under
real operation conditions, and in computing to what extent this a↵ects the
peak data rate when working under other conditions.
9.1. The reference best case
It corresponds to a 4⇥ 4 MIMO configuration (n = 4) with the values of
the involved parameters listed in Table 9. These are those that minimize the
total overhead O tTOT (RE).
Table 9: Values of the parameters that minimize all overhead elements used to simulate
the reference study case. See Table 4 for further details.
Scheduling type DCI format fDCI q ⌦ CQI Ng CQI ECRMCS
0 (RGB based) 2A (Open Loop) 1 4 15 1/6 15 0.926
Figure 6 shows the total number of overhead REs required within a time
interval  t, O tTOT, either 1 TTI or 1 frame, as a function of the scalable LTE
BW (MHz).
Note in Figure 6 that, in absolute terms, the overhead at frame scale
(blue ⇤ symbols), OframeTOT , is higher than the overhead computed at TTI scale,
OTTITOT (red   symbols). As expected both overheads increase as the BW to
be used increases. However, this absolute measure could be misleading. The
reason is that, as the BW increases, the number of total available REs A tTOT
also increases, and so does O tTOT. A relative measure will assist us in better
illustrating such influence. This is why we define the metric
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100, (42)
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Note in Figure 6 that, in absolute terms, the overhead at frame scale
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reason is that, as the BW increases, the number of total available REs A tTOT
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30
Figure 3.6: Total overhead O tTOT (RE) as a function of BW (MHz). Blue ⇤-symbols
represent OframeTOT , while red  -symbols show the overhead at TTI scale, OTTITOT.
3. The results found in research works [66, 72] underestimate overhead because
because they refer only to RS contributions: 12.12% (F symbol for BW = 10
MHz corresponding to [66]) compared to our (total) result  OframeTOT |(BW=10MHz)=
15.9%, and 14.3% (black ⌃ symbol for BW = 20 MHz estimated in [72]) com-
pared to our result  OframeTOT |(BW=20MHz)= 15.6%.
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(blue ⇤ symbols), OframeTOT , is higher than the overhead computed at TTI scale,
OTTITOT (red   symbols). As expected both overheads increase as the BW to
be used increases. However, this absolute measure could be misleading. The
reason is that, as the BW increases, the number of total available REs A tTOT
also increases, and so does O tTOT. A relative measure will assist us in better
illustrating such influence. This is why we define the metric
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100, (42)
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9. Experimental work
We start our experimental work by consi ering, as a reference, the “b s ”
case that will b described in Subsection 9.1. This b st case has been ob-
tained by using the proposed methodology with the optimum parameters
that minimize the total ov head. We present first this case to compare it
to others in which we will rogressively remove the ptimum parameters by
ot rs that shoul be use during the normal operation of an LTE network.
This will assist us in pr viding more accurate estimation of capacity under
real operation conditions, and in computing to what extent this a↵ects the
peak data rate when working under other conditions.
9.1. The reference best case
It corresponds to a 4⇥ 4 MIMO configur tion (n = 4) with the values of
the inv lved parameters listed in Table 9. These are those that minimize the
total overhead O tTOT (RE).
Table 9: Values of the parameters that minimize all overhead elements used to simulate
the referenc study case. See Table 4 for further details.
Scheduling type DCI format fDCI q ⌦ CQI Ng CQI ECRMCS
0 (RGB based) 2A (Open Loop) 1 4 15 1/6 15 0.926
Figure 6 show the tot l numb r of overh d REs required within a time
interval  t, O tTOT, eith r 1 TTI or 1 frame, as a function of th scalable LTE
BW (MHz).
Note in Figure 6 that, in absolute terms, the overhead at frame scale
(blue ⇤ symbols), OframeTOT , is higher than the overhead computed at TTI scale,
OTTITOT (red   symbols). As expected both overheads increase as the BW to
be used increases. However, this absolute measure could be misleading. The
reason is that, as the BW increases, the number of total available REs A tTOT
also increases, and so does O tTOT. A relative measure will assist us in better
illustrating such influence. This is why we define the metric
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100, (42)
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Figure 6: Total overhead O tTOT (RE) as a function of BW (MHz). Blue ⇤-symbols
represent OframeTOT , while red  -symbols show the overhead at TTI scale, OTTITOT.
to provide some mathematical insight about the total number of overhead
REs, O tTOT, when compared to all available REs, A tTOT, and, as a conse-
quence, on its influence on the total capacity via Expression (37).
Just in this regard, Figure 7 shows the metric  O tTOT (%) as a function
of the channel bandwidth, BW(MHz), and parametrized by the interval time
during which the overhead is compute,  t. Blue square symbols (⇤) repre-
sent  OframeTOT , while red circular symbols ( ) represent  OTTITOT. The black
line with black diamond symbols (⇤) s been introduced for comparative
purposes. This is because an overhead of 25% of the total REs is usually
utilized [REF] REVISAR to estimate how many REs are required for control
and signaling.
Contrary to what Figure 6 suggests, Figure 7 reveals that:
1. The relative influence of overhead reduces as BW increases. Note that
for the maximum bandwidth value, BW = 20 MHz (the bandwidth for
which LTE is able to reach is maximum bit data rates), both computed
overhead,  OframeTOT and  OTTITOT tend to an upper bound overhead ⇡
15.9%.
2. While, for BW= 1.4MHz,  OframeTOT = 31.1% is considerable higher than
 OTTITOT = 25.4%, however, as BW increases their respective values tend
to become closer so that, for the maximum BW value (BW = 20MHz),
 OframeTOT ⇡ 15.9% and  OTTITOT ⇡ 15.8%.
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tained by using the proposed methodology with the optimum parameter
that minimize the total overhead. We present first this case to compare it
to others in which we will progressively move th optimum parameters by
others that should be used during the normal operation of an LTE network.
This will assist us in providing more accurate estimation of cap city und r
real operation conditions, and in computing to what extent this a↵ects the
peak data rate when working under other conditions.
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It corresponds to a 4⇥ 4 MIMO configuration (n = 4) with the values of
the involved parameters listed in Table 9. These are those that minimize the
total overhead O tTOT (RE).
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Figure 6 shows the total number of overhead REs required within a time
interval  t, O tTOT, either 1 TTI or 1 frame, as a function of the scalabl LTE
BW (MHz).
Note in Figure 6 that, in absolute terms, th overhead at frame scale
(blue ⇤ symbols), OframeTOT , is higher than the overhead compu ed at TTI scale,
OTTITOT (red   symbols). As expected both overheads increase as the BW to
be used increases. However, this absolute me sure could be misleading. he
reason is that, as the BW increases, the number of total available REs A tTOT
also increases, and so doe O tTOT. A relative measure will assist us in better
illustrating such influence. This is why we define the metric
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100, (42)
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9. Experimental work
We start our experimental work by consi ering, as a reference, the “b s ”
case that will b described in Subsection 9.1. This b st case has been ob-
tained by using the proposed methodology with the opti um para eters
that minimize the total ov head. We p sent first thi case to compa e it
to others i which we will rogressively remove he ptimu parameters by
thers that should be use during the normal operation of an LTE network.
This will assist us in pr viding more accurate estimation of capacity under
real operation conditions, and in computing to what extent this a↵ects the
peak data rate when working under other conditions.
9.1. The reference best case
It corresponds to a 4⇥ 4 MIMO configur tion (n = 4) with the values of
the involved parameters listed in Table 9. These are those that minimize t
otal overhead O tTOT (RE).
Table 9: Values of the parameters that minimize all overhead elements used to imulate
the referenc study case. See Table 4 for further details.
Scheduling type DCI format fDCI q ⌦ CQI Ng CQI ECRMCS
0 (RGB base ) 2A (Open Loop) 1 4 15 1/6 15 0.926
Figure 6 show th tot l numb r of overh d REs requir d wit in a time
interval  t, O tTOT, eith r 1 TTI or 1 frame, as a function of th scalable LTE
BW (MHz).
Note in Figure 6 that, in absolute er s, the over ead at frame scale
(blue ⇤ symbols), OframeTOT is higher than the overhead computed at TTI scale,
OTTITOT (red   symbols). As expected both overheads increase as the BW to
be used increases. However, this absolute measure could be misl ading. The
reason is that, as the BW increases, the number of total available REs A tTOT
also increases, and so does O tTOT. A relativ measure will assist us in bett r
illustrating such influ ce. This is y w define the metric
 O tTOT(%) =
O tTOT
A tTOT
⇥ 100, (42)
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r present OframeTOT , while red  -symbols show the overhead at TTI scale, OTTITOT.
to provide some mathematical insight about the total number of overhead
REs, O tTOT, when compared to all available REs,  tTOT, and, as a conse-
quence, on its influence on the total capacity via Expression (37).
Just in this regard, Figure 7 shows the metric  O tTOT (%) as a function
of the channel bandwidth, BW(MHz), and parametrized by the interval time
during which the overhead is compute,  t. Blue square symbols (⇤) repre-
sent  OframeTOT , while red circular symbols ( ) represent  OTTITOT. The black
line with black diamond symbol (⇤) has been introduced for comparative
purposes. This is because an overhead of 25% of the total REs is usually
utilized [REF] REVISAR to esti ate how many REs are required for control
and signaling.
Contrary to what Figure 6 suggests, Figure 7 reveals that:
1. The relative influence of overhead reduces as BW increases. Note that
for the maximum bandwidth value, BW = 20 MHz (the bandwidth for
which LTE is able to reach is maximum bit data rates), both computed
overhead,  OframeTOT and  OTTITOT tend to an upper bound ov head ⇡
15.9%.
2. While, for BW= 1.4MHz,  OframeTOT = 31.1% is considerable higher than
 OTTITOT = 25.4%, however, as BW increases their respective values tend
to become closer so that, for the maximum BW value (BW = 20MHz),
 OframeTOT ⇡ 15.9% and  OTTITOT ⇡ 15.8%.
31
Figu e 3.7:  O tTOT(%) as a function of he bandwidth BW (MHz). Blue square
symbols (⇤) represent  OframeTOT , while red circular sy bols ( ) represent  OTTITOT.
Black ⌃ sy bol and F correspond to those ove head estimated in [72] and [66],
respectively.
As done in some works, whe her or not some components can be disregarded
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is a topic of practical interest because it would simplify the model. Thus the next
question arising is to what extent each overhead components have di↵erent impacts
on the total overhead, or, in other words, which is the contribution of its components.
To quantify their relative weights on the total overhead (both on OTTITOT and on
OframeTOT ), we have defined
 OTTIcomp i(%) =
OTTIcomp i
OTTITOT
⇥ 100 (3.44)
 Oframecomp i(%) =
Oframecomp i
OframeTOT
⇥ 100 (3.45)
where subscript “comp i” refers to any of the overhead components (RS, PDCCH,
etc.), either at TTI level (superscript “TTI” in Exp. (3.44)) or at frame level
(superscript “frame” in (3.45)).
Using metrics (3.44) and (3.45), Figures 3.8 (a) and (b) show the relative con-
tribution (with respect to the total overhead) of each component computed, respec-
tively, at TTI scale and at frame scale.
6.1. Influence on each component as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a met odology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. Influence on each component as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on t e pr blem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w ere A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs wit in the tim i terval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As wil be modeled i this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
rrors (for instance, Cyclic Redundancy Check (CRC) bits . The user data
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ForOFDMA-basednetwork,suchasLTE,thevailablemodelscanbe
seenintwoajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfiguraionandthedata-ratprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringherequirementoftherte(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationprameters.
3.ProblemStateent
Asmentioned,thepurposeofthisworkisoproposeamethodologyand
algoithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradatonthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputinreaseswiththenumberofusefulREdur-
ingagiventimeinervalofinterest.Thistimeinterval tcanbeeithe1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobdownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentag (%), with re pect to A tRE, T, as fun tion of BW. Squared
symbols represents  OFrameE, T(%)  OTTIRE, T(%).
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-con rol based models focus on the combi-
ation of the system configuration nd he data-rate rovision as a function
f th load distribut on [15]. Th perf rmance model is th the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configur ion.
Considering the requi ement of the rate (load) based model to have an
accurate measure for ach cell’s capacity, in this work we present a mathemat-
ical methodol gy to calculate the dat -rate provision for multi-user scenarios
for each c ll with flexible system configuration par meters.
3. Problem State ent
As mentio ed, the purpose of this ork is to ropose a methodology and
algorithms to accura ely estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanism produce.
I tui ively, user hr ughput inc ases with the number of useful RE dur-
i g a give time interval of interes . This time interval  t can be eithe 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size o be download by any user, etc.). In this paper we will label the total
mber of u eful REs (that is, tho e fo user da ) during a time interval  t
by u ing the not tion:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
omponents appear only once per frame while others are repeated every TTI.
To proc ed furt er with LTE capacity esti ation it is convenient to con-
sider that not all he bits are used to ranspo t user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinaionofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Coniderigtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcll’scapaciy,inthisworkwepresentamathemat-
icalmethoologytocalculatthedata-reprovisionformulti-scenarios
foreachcellwithflexiblsysemcofigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswithtenumberofusefulREdur-
ingagivntimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thas,thoseforuserata)duringatimeintrval t
byusingthenotation:
Ovrheadpercentage
withrespectttheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,resectively,thetotalnumberofavail-
abl(ll)andorheadREswithinthetimeintrval t.Superscrip t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withnunifiedformalism.Aillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead n DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Sc nario 1: ingle user. LTE Maximum DL Data-rate
Wh n he sys e is configured with its highest param ters and all the
available resources are assigned to a single UE w ich is in the best reception
conditions, the h ghest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with he xact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. Influ c n each co p nent as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS i 46%...
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For OFDMA-based netwo k, such as LTE, the available models can be
seen in tw major cat gories. The power-control based models study the
combination of the ystem configuration nd the service area as a function of
SINR istribution [14]. The rate-control bas d models focus on the combi-
nation of he sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf rma ce model is then the optimized
olution to provide the demanded data-rate in the target area, bel w the best
a ching sys em configurati .
Co ide ing th r quirem of the rate (lo d) bas d mo el o have an
accurate measure for each cell’s capacity, in this wo k we pr sen a ma hemat-
ical ethodology to calculate e data-rat provision for multi-user scenarios
for e ch ell with flexibl system configu at on parameters.
3. Probl m Statement
As ntio ed, the purpose of this work is to p opose a methodology and
algorithms to ccurately stimate th DL throughput or capacity (C [bit/s])
of LTE syst s in rea istic scen rios hat consid s degradati n tha the
di↵erent verhead echanisms produce.
Intuitively, use throughput increases with the number of useful RE dur-
g a giv time int val of interest. Thi time i terval  t ca be either 1
TTI or 1 frame, dep nding on the probl m at hand (number of users, file
s ze to b wnl ad by any us r, etc.). In this ap r we will label the total
nu ber of useful REs (th t is, th se for us r data) duri g a time interval  t
by usi g the notati n:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh A tRE, T a O tRE, T repr sen , respectiv ly, th total number of avail-
able (all) an ov head REs within th time interval  t. Superscript  t
is ot superfluous since it will assist us in modeli g a varie y of situation
with an unified formalism. As will be modeled in this paper, some overhead
co ponents appear only on per frame while o ers are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to tra sport user data but also to detect
rors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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matching system configuration.
Consi eri g the requirem nt of t e rate ( oad) bas d model to have an
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
senintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodlsfocusonthecombi-
nationofthesysteconfigurationandthedata-rteprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingystemconfiguration.
Consideingtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystesinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,uethrougputincreaseswiththenumberofusefulREdur-
ingagiventmeitervalofinterest.Thstimeinterval tcanbeeither1
TIor1frae,dependingontheproblemathand(numberofuers,file
siztobedownloadbyayusr,etc.).Intispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdaa)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheA
 t
RE,T
andO
 t
RE,T
rpresent,rspectively,hettalnuberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
snotsupefluoussinceitwillassistuinodelngavarietyofsituation
witanunifiedformalism.Asillbemodeledinthispper,someoverhead
copontsappearolynceperframewhilthersarerepeatedeveyTTI.
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Figure 5: Overh ad percentage (%), ith res ect to  tRE, T, as a function of BW. Squared
symbols repr sents  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity f overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. S nari 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assign d to a si gle UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
over ead calc lations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that an be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 6: Overhead percentage (%) with respect to A tRE, T, as a function of BW. Squared
symbo s represents  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensitivity of overhead on DCI length LDCI
As a function of BW...
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6.1. Influence on each compo ent as a fu ction of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the co bi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solu ion to provide the demanded data-rate in the arget rea, bel w the best
matchi g system configuration.
Considering the requir ent of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical m th dology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameter .
3. Problem Stateme t
As m t oned, the purp s of this ork is to pr pose a methodology and
lgorith s t accura ely estimate the DL throughput or capacity (C [bit/s])
of LTE syste s realistic sc narios that onsiders the egradation that the
di↵eren ov rhea mecha sms produce.
Intuitively, user throughput inc eases with the numb r of useful RE dur-
i g a give tim interval of interest. This tim interval  t can be eit r 1
TI r 1 fr me, depending on the problem at hand (nu ber of users, file
size to be ownlo d by ny user, etc.). In this p per we will l bel the to al
numbe of seful REs (that is, those for user data) during a time interval  t
by using th notation:
 OFrameRE, T(%) = O
F me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T repr sent, r spec ively, the total n mber of avail-
able (all) and overhead REs within th time interval  t. Sup rscript  t
is not s perfluous since i will as ist us in mod ling a vari ty f situa ion
with an nified formalism. As will b m deled in this paper, so e ov rhead
components app ar only once per frame while others are rep ated every TTI.
To rocee further wi h LTE cap city estimation it is conveni nt to c n-
sider that not all the bits ar used t transport user data but also to detect
er ors (fo nst nce, Cyclic Redundancy Check (CRC) b ts). The user dat
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscane
senintwoajorcategories.Thepower-contrlbasedmodelstudythe
ombinationofthsystemcofigurationandteserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
atinofthesystemconfigurationandthedata-rateprovisionasafunctin
ofthelddistribution[15].Theperformancmodelisthentheoptimized
olutiotoprovidthedemandeddata-rateinthetargetarea,belowthebest
matchingsstmconfiguration.
Consideringthrquiementoftherate(oad)asedmdeltohavean
accuatmasrforeachcll’scapaciy,inthisworkwepesentamathemat-
icalehodlogyocalclaethedata-rateprvisionformlti-uerscenarios
foreachcellwihflexiblesytconfiguratinparaters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposemethodologyand
algorithmstoaccuratlyestimatetheDLthroughputorcapcity(C[bit/])
ofLTEsysminrlisticscenriosthatconsidersthedgradationthtte
i↵eretveradmechanismsprodce.
Intuitivly,usrthroughutincraseswiththnumberofusefulREdur-
ingagiventimintervalofinteres.Thisiminterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofsers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetoal
numberofusefulREs(thatis,thoseforusedat)duringatimeinerval t
byusingthenotaion:
Overheadpercentag
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fram
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
ndO
 t
RE,T
represent,respectively,thetotalnumberofvail-
able(ll)adoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluousinceitwillassistuinmodelngavarietyofsituation
withannifiedformalism.Aswillbeodeledithispaper,someverhead
componntsappearolyonceperframwhileothersarerpeatedeveryTTI.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The ra e-con rol based models focus on the combi-
ation of the system c figuration n he data-rate provision as a function
of th load distribut n [15]. The perf rmance model is then th optimiz d
solutio o rovide the dem nded data-rate in the target area, below the best
matching system configur ion.
C nsidering the requi emen of the rate (load) based model to have an
accura measure for ch cell’s c pacity, in this work we present a mat emat-
ical methodology t calcula e th data-rate pr vision for multi-u r scenarios
for ach c ll with flexible ystem onfiguration paramet s.
3. P ble State ent
As m tio e , the purpose of this ork is to propose a methodology and
algorith s to cc ra ly estim te the DL throughput or capacity (C [bit/s])
of LTE systems i realistic scen ri s t at c nsiders the d gr dation that the
di↵ere t overhead echanisms produce.
Intuitively, er throughput increas s with the number of useful RE dur-
i g a give t me in erv l of int res . This tim interval  t can be either 1
TTI or 1 frame, dep nding on th problem at hand (num er f users, file
size t b downlo d by any user, etc.). In this paper w will label the to al
mb of u eful REs ( ha i , tho e fo user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
her A tRE, T a d O RE, T repres nt, respectively, the total number of ava l-
able (all) and overhead REs within t e ime interval   . Sup rscript  t
is not superfl o s since it will as ist us in odel ng a a iety of sit ation
ith an u ified for alism. As wi l be mod led in this paper, some overhead
c mponen s pp ar only once per fra e w il o ers are repeated very TTI.
To proc ed further with LTE capacity e imation it is conveni nt to con-
sider that not ll the bits are used transport user dat but also to det ct
errors (for in tance, Cyclic edundancy Ch ck (CRC) bits). The u er data
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seen in two major ategories. The power- ontrol based mo els study the
ombi a ion of the system onfig r tion nd the s rvice area as a function of
SINR dis ribution [14]. The rate-control based models focus on the combi-
nat n of he system configuration and the d ta-rat provision as function
f the load distribution [15]. T perf mance m del is then th ptimized
soluti n to provide th demanded data- e in the rget a e , below the best
matching syst m c figuration.
Con i eri g th requirement of th a (l ) based model t have an
accur te measur f a c ll’s c paci y, in this wo k we p es n a m themat-
ical m thodol gy to calcu e th data-rat pr vision for multi-user scenarios
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di↵erent verhead chani ms produce.
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TTI or 1 frame, depe ding n the pr bl m t ha d (number of users, file
size t be d nload by ny user, etc.). In this paper w will label the total
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by using the notatio :
 OTTIRE, T(%) =
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T re resent, res ectively, the total number of av il-
able (all) and verhead REs within the ti e int rv l  t. Superscript  t
is not superfluous since it will ssist us i modeling a v iety f situ tion
with an unified formalism. As will be m deled i this per, ome overhead
components appear only once per fram while o h rs are rep ated every TTI.
To proceed further with LTE c pacity estimation it is conv nient to con-
sid r that not all the bits are used o tr nsport user data but als to detect
err rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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F r OFDMA-based network, such as LTE, he av ilable models can be
s en in two m jor categ r s. The wer- ontrol based mod ls study he
combina i of th system co figur tion and the service are as a function of
SINR distribution [14]. The rat -co tr l based models focu o the combi-
nati n of the system c nfiguration and the data-rate pr vision as a func ion
of the l ad di tributio [15]. T e perform nce model is then he opti ized
solution o prov de t e d m ded d ta-ra e in the target ar a, b low the best
matching system configuration.
Considering the equirement of the rate (load) b sed model to have an
accurate measure for each cell’s capa ity, in this work w present a m themat-
ical method logy to alculate the data-rate provision for m lti-user scenarios
fo e ch cel with flexible system configuration param ers.
3. Proble Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithm to accurat ly estimate t e DL throughput or c pacity (C [ it/s])
of LTE syst ms in realistic scenari s that consi rs the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, us r throughput increases with the umber of u eful RE dur-
ing a given time interval of interest. This time int rval  t can be either 1
TTI or 1 frame, depe ding on e problem at h d (number f us s, file
size t be dow load by any user, tc.). In this paper we will label the tot l
number of useful REs (that is, those for user data) during a time interval  t
by s g the not tion:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) nd overhead REs within the time int rval   Superscript  t
is no superfluous since it will ssist us in modeling a vari ty of si u ti n
with an unified formal sm. As will be modeled in th s paper, some overhead
components app ar o ly once per frame while other ar repeated every TTI.
To proce d further with LTE capa i y stimation it is conve ient to con-
sider th t not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
cmbinationofthesysemconfigurationandtheservieareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystmconfigurationanhedat-ratprovisionasafunction
oftheloaddistribution[15].Tperformancemodelisthentheoptimized
solutiontoprvidetedemandeddata-rateinthetargetarea,belowthebest
matchingsystmconfiguion.
Consideringthrquirementftherate(lod)basedmodeltohavean
accuratemeasureforechcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalclatethedata-rateprovisionformulti-userscenarios
foeachcellwithflexiblsystmconfigurationparameters.
3.ProblemStatement
Amentioned,epurposofthisworkistoproposaethodologyand
algorithmstoaccratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenriosthatconsidersthedegradationthatthe
di↵erentoverhadmechanismsproduce.
Ituitively,userthroughputincreaseswiththenumerofusefulREdur-
ingagiventimeintervofiterest.Thistimeinterval tcnbeeither1
TTIor1frame,dependingontheprobleathand(umberofusers,file
sizetobedownloadbyanyuser,ec.).Inthispaperwewilllabelthetotal
numberofusfulREs(thatis,thoseforuserdata)duringatimeinterval t
bysingthenotation:
Overheadercentage
withrspcttotheavailblREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 t
RE,T
rpreent,resectively,thetotalnumberofavail-
abl(ll)andorheadREswithinthtimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsiuation
withunifiedforalism.Aillbemodeledinthispaper,someoverhead
compontsapperolyoncperframewhilehersarerepeatedeveryTTI.
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Figu e 5: Ove h d erc age (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents   FrameRE, T(%)  OTTIRE, T( ).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S s tivity f overhead on DCI length LDCI
As a fu ctio f BW...
6.3 Influence of Ng “PH CH G up Scaling Factor”
As a function of BW...
6.4. Scenario 1: single ser. LTE Maximum DL Data-rate
When the system is co figured with its highest parameters and all the
available resources are assigned to a si gle UE hich i i t e best reception
conditions, the highest ta-r t provision c n be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest B of 20 MHz (NRB = 100 and P = 4)
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6.1. nflu ce n eac co pon nt as a funct on of BW
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For OFDMA-based netwo k, such as LTE, the available models can be
seen in w major cat gories. The power-control based models study the
combination of the ystem configura ion nd the service area as a function of
SINR istri uti [14]. The rate-co trol bas d models focus n the combi-
na io of e sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf r a ce model is then the optimized
olutio t provi e th d ma d t -rate in the targ t are , bel w the best
a ching sys em configurati .
Co ide ing he r quireme of the rate (lo d) based model o have a
ac ura e mea ure for ea h cell’s capaci y, in this wo k e presen a ma mat-
ic l ethod logy to calcula e ata-rat provision for mult -u cenarios
for e ch l with flexibl system o figu at on para et rs.
3. P obl m Statement
As e ti ed, th p rpose of this work is t p pose m thodol gy and
algorith s to acc r ely estim t the DL throughput or c paci y (C [b t/s])
of LTE syst ms in r alistic scen rios that consid rs d gradatio that the
di↵ r t verh echanisms produce.
Intuitively, hroughput incr ses with the u ber of useful RE dur-
i g a giv time int v l of int res . Thi time i t rval  t ca b either 1
I or 1 fr me, dep nding on the probl m t h nd (number of users, file
s ze t b w l ad by a us r, c.). In this aper we will l bel the t al
n mb of useful REs (th t i , th se for user da a) d ri g a ti e interval  t
by u i g th notati n:
 OFr meRE, T(%) = O
Fr me
RE, T
AFrameR , T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
wh re  tRE, T a O tRE, T repr sen , respectiv ly, th total numbe of avail-
able (all) an overhead REs within t e ti e interval  t. Sup rscript  t
is no superfluous since it will assi t us in modeling a arie y of situation
with an un fi d formalism. As will b mod led in t is paper, some overhead
components app ar nly once per fram hile others are repeated every TTI.
T pr ceed further with LTE capacity estimation it is co venient to con-
sider that not all th bits are used to transport user data but also to detect
rors (for instance, Cyc ic edundancy Ch ck (CRC) bits). The user data
5
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For OFDMA-ba d network, such as LTE, the availabl m dels can be
s e in t o major ategories. The power-control bas d mo ls study t e
c mbinati n of the system confi ration and the servic area as a function of
SIN di tribution [14]. he r -co t ol based models focus on the combi-
nati n f y tem onfiguration nd he dat -r t provisi n as a function
of h lo d dis ribution [15]. The performance m del i then the ptimized
solu i n t pr vid th de a d d data- e in the targ t are below the best
m chi g yste c nfig ation.
Co sidering th requirem n of e rate (lo d) based model t h ve an
ccur te meas r f r each cell’s ca aci y, in this work we pres nt a mathemat-
ical m thod logy to calc la e th data-rat provision for multi user scenarios
for each c ll with fl xibl syste co fig ration para eter .
3. Problem S em t
As m nt o ed, he pu pos of t is work is to prop se m t odology and
algorithm o acc tely e tim te the DL thr ughput or a acity (C [bit/s])
of L E ys ms in realis ic scen rios that c nsi e s the egra ati n hat the
di↵erent v rhead cha is s produ .
In uitively, u throughput increases with the umbe of u eful RE dur-
g a given ti e nterval of interest. This t me int rval  t c n be either 1
TTI or 1 frame, dep ndi g on th problem at hand (numb r f users, file
s ze to be dow load by ny user, etc.). In this paper we will label he total
n mber of us ful REs (t is, th se for user da a) during a time interval  t
by using the nota i :
  TTIRE, (%) =
OFrameRE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
where A tRE, T and O tRE, T re resent, respectively, the total number of av il-
able (all) and overhead REs within t e ti e int rval  t. S perscript  t
i not supe fluous since it will ssi t us n model ng a variety f situ tion
with n unified for alism. As will be odeled i this pe , o e overhead
c mponents appear only once per frame while others are repeated every T I.
T proceed furt r with LTE c pacity es imation it is conv ien t con
sid r hat not all the bit are used o tr nsport user data b t als to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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F r OFDMA-based network, such as LTE, he av ilable m dels can be
seen in two major cat gories. T power-control based mod ls study he
combi ation f the system configuration and t servic are as a function of
SINR distribu io [14]. The r te-control based mod s focu on the combi-
nation f the sys m configuration and the data-rat pr vi i s a function
of the l ad stribution [15]. The perfor ance odel is then the ptimized
solution to r de t e emanded data-rate n th targ t area, bel w the best
matching ystem configuration.
Consi ering the equireme of he rate ( ad) based model o have an
accurate measu e for each c ll’s capacity, in this work pr ent a mathe at-
ical methodology to lcul te he dat -rate pro ision for multi-user scenari s
fo each cell with fl xib e system configurati param ters.
3. Proble State en
As menti n d, the purp s of this w rk s t propose a etho ology and
alg rithms o accuratel estimate the DL throughp t or c acity (C [ it/s])
of LT systems in re listic sc na ios that considers the degradation that the
d ↵ rent overhead ech nisms p odu .
Intuitively, user throughput increases with th umb r of useful RE dur-
ing a given time interval f i teres . This ime int rval  t can be e ther 1
TTI or frame, d pending on the problem at h nd (number of us s, file
size to be download by any us r, tc.). In this paper we will label the tot l
b r of useful REs (that is, th se for user data) during time interval  t
by us ng he notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
F ame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T and O tRE, T re resent, respectively, the to al umber of avail-
able (all) nd overhead REs within the ime int rval  t. Superscript  t
is not superfluous since t will assist u in modeling a variety of situation
wi h an unifi formalism. As will be m deled in this paper, some overhead
co ponents appear only once per frame while others are rep ated every TTI.
To proce d further with LTE cap city estimation it is conve ient to con-
s er that not all the bits are used t transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationfthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
soluintoprvidethedemandeddata-rateinthetargetarea,belowthebest
matcingystemconfiguration.
Consideringthrequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexiblystemconfigurationparameters.
3.PrblemStatement
Amentioned,epurposofthisworkistoproposamethodologyand
algorithmstoaccratelyestimaetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealistiscenriosthtconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduc.
Intitively,uethroughutincreasswiththenumberofusefulREdur-
inggiventimeitvalofineres.Thistimeinterval tcanbeeither1
TTIo1frae,dependigntheprbleathand(numberofusers,file
sizetobedownloadbyayuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeintervl t
byusingthnotation:
Ovrhedprceage
ithrespectttheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 t
RE,T
rpreset,rspectively,hettalnuberofavail-
abl(ll)andoerheadREswithinthtmeinterval t.Superscript t
isnotsuerfluoussincitwillassistuinodelnavarietyofsituatin
withaunifiedformalism.Aswillbemodledinthispper,omeoverhead
copontsappeaolynceperframewhilthersarrepeatedeveyTTI.
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Figu e 5: Overh ad rc ge (%), with res ect to  tRE, T, as function of BW. Squared
symbols epr sents  OFramRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of overhead on DCI length LDCI
As a f nction f BW...
6.3. Influence f Ng “PH CH Group Scaling Factor”
As a function of BW...
6.4. Scen rio 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a si gle UE hich i in the best rec ption
conditions, the highest data-r t provision c n be expected. An accurate
overhead calculations that is cust mized with the system configuration, pro-
vi s us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maxi um service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 6: Overhead erce tage (%), with respect to A tRE, , as a function of B . Squa d
symbo s represents  OFr eRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
6.2. Sensitivity of over e d on DCI length LDCI
As a function of BW...
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6.1. Influence o each comp ent as a function of BW
For 1.4 is 31%. RS is 91%...
Fo 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for eac cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to ccurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, ser roughput increases with the number of useful RE dur-
i g give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
nu b of useful REs (that is, those for user data) during a time interval  t
by using the n tation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represe t, respectively, the total number of avail-
abl (all) and ov rhead REs within the time interval  t. Superscript  t
is not superfluous since it will a sist us in modeling a variety of situation
with an unifie formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchsLTE,heavailalemodelscane
seenintwomajorcategoie.Thepower-cntrolbaedmodelsstudythe
combinationofthesystemconfiguratioadtheerviceareaasafuctionof
SINRdistribution[14].Therat-controlbasdodelsfocusonthcombi-
nationofthesystemconfigurtioathedaa-ateproviionaafuncion
fheloadditribution[15].Theperfomancemodelithentheoptimize
solutiontoproviethedemandeddata-rateinthetargetarea,blowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodlthave
acurtemeaurefrchcell’spacty,inthisworkwepresentamatheat-
icalmetodologytocalculaethedata-rateprovisoformulti-userscnaris
foreahcllwitflexiblesystemconguraionparaeters.
3.ProblemStatemen
Asmnioned,thpurposeofhisworkitopopsemethdoloyand
algorithmstoaccuratlyestimatetheDLthrugputorcapcity(C[bi/s])
ofLTEsystemsinrealisticscnariosthatcnsidersthedegradatonthatthe
di↵erentoverhedmcanismsproduce.
Intuitively,userthroughputincreaseswiththenuberofusefulREdur-
ingagiventimeintvalfinteest.histmeintevl caneithr1
TTIor1frame,dependingonthepoblemthand(numberofusrs,file
sizetobedownloadbyayuser,etc.).Inthispaperwewilllabelthetotal
nuberofusfulREs(thatis,thosefruserdat)duringaimeintervl t
byusingthenotation:
Overheadpercentage
witrespecttotheavilableREs
,BW(MHz)
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TTI
RE,T
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O
Frame
RE,T
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RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
reprsent,respectively,thtoalumbrofavil-
able(ll)adoerheadREswithinthetimeinterval t.Superscript t
isnotsupefluoussinceitwillassistunmodelngavarietyofsituation
ithanunifidformlism.Aswillbeodeledithispaper,someoveread
compontsppearolyoepeframewhileothrsarrepeatedeveryTTI.
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For OFDMA-based network, such as LTE, the available models can be
seen in two m jor categories. The power-control based models study the
combina ion of the system configuration and the service area as a function of
SINR distri ution [14]. The rate-con rol based models focus on the combi-
ation of the system configuration nd the data-rate provision as a function
of th load distribut on [15]. The perf rmance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matc ing system configur ion.
Con idering the requi ement of the rate (load) based model to have an
accura e measur for ach cell’s capacity, in this work we present a mathemat-
i al m thodology to calculate the data-rate provision for multi-user scenarios
for each c ll ith flexible syst m configuration parameters.
3. Problem State ent
As mentio ed, the purpose of this ork is to propose a methodology and
alg rit ms to accura ely estimate the DL throughput or capacity (C [bit/s])
f LTE ystems in realistic scenarios that considers the degradation that the
di↵eren overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g give time int rval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
siz to be download by any user, etc.). In this paper we will label the total
mber of u eful REs (that is, tho e fo user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A RE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
err rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
seenintwomajorctegoris.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationdtheservicaraasafunctionof
SINRdistribution[14].herat-conolbasedmodelsfcusonecbi-
natioofthesysteconfigurationandtedata-rtpovisinasafunction
oftheloaddistribution[15].Theperformancemodelisthntheoptimized
solutiontoprovidthedemandeddata-ateithetagetare,belowthebst
matchingsystemconfiguration.
Consideringthrequireentoftherate(load)basedmodeltohavean
accuratemeasureforeachcel’scapcity,ithiworkwepresentamaem-
icalmethodologytocalculatethedata-rateprovisionformult-userscenarios
foreaccellwithflexiblesysemconfiguationparameters.
3.ProblemStatement
Asmentioned,thepurposofthisworkistopropoemetodologyad
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatth
di↵eentoverheadmechanismsprduce.
Intuitively,usrthroughputincreaseswiththenumberofusfulREdur-
ingagiventimeiervalointret.Thistimeiterval tcanbeither1
TTIor1frame,dpendingonthproblmathand(numberofusers,file
siztobedownloadbyayuer,tc).Intispaperwewlllabeltetotal
numberofuseflREs(thatis,thosforsrdata)durngatimeiterval t
byusingthenotation:
Overhadpercentage
witrespecttotheavailableREs
,BWMHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
rprsent,resectively,hetotlumberofavail-
abl(ll)adorheadREswithinetimeinrval t.Superscrpt t
isnotsuperfluoussincitwillassistuinmodelngavrietyofsituation
withnunifieforalis.Aillbemodeledintispper,someoverhead
componntsappearolyonceperframewiletherarrpteveryI.
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Fig r 5: Overhe d percen g (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, (%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivi y of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHI H Group Scaling Factor”
As a func ion of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exac amount of useful resources that can be assigned for
data-tra smission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ ac co p nent as func ion of BW
F 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
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For OFDMA-based netwo k, such as LTE, the available models can be
seen i tw major cat gories. The power-control based models study the
combination of the ystem configuration nd the service area as a function of
SINR istri ution [14]. The rate-control bas d models focus on the combi-
nation of he sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf rma ce model is then the optimized
olution to provide the demanded data-rate in the target area, bel w the best
a ching sys em configurati .
Co ide ing the r quireme of the rate (lo d) based model o have an
accurate measure for each cell’s capacity, in this wo k we pr sen a ma hemat-
i al metho ol gy to calculate e data-rat provision for multi-user scenarios
for ch ell it flexibl system configu at on parameters.
3. Probl m Stateme t
As entio ed, the purpose of this work is to p opose a methodology and
algorithms to accurately esti ate the DL throughput or capacity (C [bit/s])
of LTE syst ms in realistic scen rios that consid rs degradation that the
di↵erent overhead echanisms produce.
Intuitively, use throug put i creases with the number of useful RE dur-
i g a give time int val of interest. Thi time i terval  t ca be either 1
TTI or 1 frame, dep nding on the probl m at hand (number of users, file
s ze to b wnl ad by any us r, etc.). In this ap r we will label the total
numb r of useful REs (th t is, th se for user data) duri g a time interval  t
by usi g the no ati n:
 OFr meRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A tRE, T a O tRE, T repr sen , respectiv ly, th total number of avail-
ble (all) an overhead REs within the time interval  t. Superscript  t
is not superfluous si ce it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
compone s appear only once per frame while others are repeated every TTI.
T proceed fur her wi h LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
r rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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se n in t o major categories. The power-control bas d mo ls study t e
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SIN di tri ution [14]. The r -control based models focus on the combi-
tion f t e sy tem c figuration and he data-rat provision as a function
f loa distribution [15]. The performance model is then the optimized
solu ion t p vide the demanded data-rate in the targ t area below the best
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3. Problem Sta ement
As entioned, the purpose of this work is to prop se a methodology and
algorithm o acc at ly esti te the DL thr ughput or capacity (C [bit/s])
of LTE yst ms in realistic scen rios that c nsiders the degradati n that the
di↵ ent o head echanisms produ e.
I t itively, user thr ug put i creases with the number of useful RE dur-
ng a given ti in erval of interest. This time interval  t can be either 1
TTI or 1 frame, dependi g on th problem at hand (number of users, file
size t be ownlo d by any user, etc.). In this paper we will label the total
umber of useful REs (t t is, th se for user data) during a time interval  t
by usin the ot tion:
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Frame
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U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE T a d O tRE, T represent, respectively, the total number of avail-
able (all) and overh ad REs within the time interval  t. Superscript  t
is not superfluous si ce it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
compone ts appear only once per frame while others are repeated every T I.
To proceed fur her wi h LTE capacity estimation it is convenient to con-
sider that not all t bit are used to transport user data but also to detect
er rs for instance, Cyclic Redundancy Check (CRC) bits). The user data
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For OFDMA-based network, u h as LTE, the available m dels can be
seen in two major categories. The ower-control based mod ls study he
c mbi ation f the system configuration and t servic area as a function of
SINR distribu ion [14]. The r te-control based mod s focus on the combi-
natio f the system configuration and the data-rate pr vision as a function
of the l ad tribution [15]. The performance model is then the optimized
lu ion to r vide the demanded data-rate n the targ t area, bel w the best
matching system configuration.
Consi eri g the requirement of the rate ( oad) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathe at-
ical methodology to calculate the dat -rate pro ision for multi-user scenarios
fo each c ll with fl xible system configurati parameters.
3. Probl m S atem nt
As mentioned, the purpose of this w rk to propose a metho ology and
al rithm o accurat l e timate the DL throughput or c pacity (C [ it/s])
f LTE systems in realistic scenarios that considers the degradation that the
d ↵e ent overhead m chanisms pro u .
Intuitiv ly, user throughput increases with the number of useful RE dur-
ing a given time interval of interest. This ime interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, th se for user data) during a time interval  t
by us ng the not tion:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O R , T, (1)
where A tRE, T and O tRE, T represent, respectively, the to al umber of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is no superfluous since i will assist us in modeling a variety of situation
with an unifi formal sm. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
i er that not all the bits are used to transport user data but also to detect
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Figu 5: Overh d perc nta e (%), wi h res ect to  tRE, T, as a function of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of overhead on DCI length LDCI
As a func ion of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
s a functio of BW...
6.4. Scenario 1: single user. LTE M ximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resources are assigned to a single UE which is in the best reception
conditions, the high st data-rat pro ision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig r 6: Ov rhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
sym o s repres nts  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensit vity of overhead on DCI length LDCI
As a func ion f BW...
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6.1. Influen e on eac com nent as fu ction of BW
For 1.4 is 31%. RS i 91%...
Fo 20 MHz is 16%. RS i 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configurati n and t e ervice area s a function of
SINR distribution [14]. The r -control based models focus on the combi-
nation of the system c nfiguration and the data-r te provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to pr vide t demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate easure for each cell’s capacity, in this work we present a mathemat-
ical m thod logy to calculate the data-rate provision for multi-user scenarios
for each c ll with flexible system c nfiguration parameters.
3. Pr blem St t m t
As e tio ed, the purp se of his work is to p opose a methodology and
algorithms to accurately estimate the DL throughp t or capacity (C [bit/s])
of LTE syste s realistic sc narios that considers the egradation that the
di↵erent overh ad mechan sms produce.
Intuitiv y, user throughput increases with the number of useful RE dur-
i g given tim in erval of interest. This time interval  t can be either 1
I r 1 frame, depending on he problem at hand (number of users, file
size to be downl ad by a user, etc.). In this paper we will label e total
numbe of s ful REs (that is, t ose f r user data) during a time interval  t
by us g h n tation:
 OFra eRE, T(%) = O
Frame
RE, T
AFrameE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T a d O tRE, repr sent, respec ively, the tot l n mber avail-
ble (all) and overh ad REs within the time int rval  t. Superscript  t
is n uperfluous since it will assist us in mod ling a variety of situation
ith an u ifi d f r alism. As will be modeled in this paper, some overhead
compone ts appe r only once p r frame while others are repeated every TTI.
o rocee fur her with LTE apacity stimatio it is convenient to con-
si r that not all he bits ar us to transport user ata but also to detect
rr r (for nst nce, Cyclic Red dancy Check (CRC) bits). Th user d ta
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ForOFDMA-badtwk,uchasLTE,theavailablemodelscanbe
seentwomajorcategories.Thepower-controlbasedmodelssudythe
combinationofhesysemcnfigurationandtheerviceareaasfunctionof
SINRdistributin[14].Thrte-cotrolbasedmodelsocusonthecombi-
ainofhesysemconfigurationdat-ratpoviinasafunction
oftheloaddistribution[15].Theerfrmancemodelistheheoptimized
solutiontprovidethedemanddata-rateintheargetr,blowhebest
matchingsysmconfiguraion
Consideringtrquirmetoftherate(load)basedodelthavean
accuraemeasureforeachcll’scapacity,inthiswkwepresnamthemat-
icalmthodlogytocalculatethda-rateprovisionfrmuti-userscenarios
foreachellwihflexiblsysteconfiguraionpaametrs.
3.ProblmStateent
Asntioned,thepurposeofthiworkstproposeethodologyand
algorihmstoccratelytimatetheDLthrughputorcpacty(C[bit/s])
ofLTEsystemirealisticcenaristatconsiderthedegraatonthatthe
di↵erentoverheadmechanismsoduce.
Ititively,userhrohputincraeswiththeumberofusefulEr-
ingaivnimeintervalofnterest.Thistimeiterval tcnbeeither1
TTIo1frme,dependingonthproblemthand(umberofusers,file
sizetobdownloadbyyuser,etc.).Inthispaperwwlllbelthettl
numbeofusefulREs(thatis,thseforusrdta)duringatieintevl t
byusingtentation:
Ovrheadpercentae
witrespecttothvailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frme
RE,T
A
Fre
RE,T
⇥100
U
 
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1
whereA
 t
RE,T
andO
 t
RE,T
reprsent,respectively,theotalnumbrofavail-
able(ll)ndoerheadREswithinthetiminterval t.Superscript t
isnosuperfluoussineiwillassistuinmodlngvrietyofsiuation
withanunifiedformalism.Awillbemodeledinthispper,someovrhead
componntsppearolynceperframewhileothersareepeatedeveryTTI.
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!!!!!!!!!!!!!!!!!Si mi a
For OFDMA-based network, such as LTE, the available models can be
se in two aj categories. The power-c ntrol ba d models study the
combina io of t e sys em configuration and th se vice are as a function of
SINR distribution [14]. Th ra e-con rol based models focus on the combi-
ti n of the system c figur ti n nd th data-rate rovision as a function
of th l ad dis ri ut on [15]. T e perf rmance model is h n the ptimized
solution o provi e the de a ded data-rat in the target ar a, below best
matching sys em configu ion.
Co si e ing the requi ment of he rate (load) bas d model to have an
ccu at measure for ach cell’s capaci y, in thi work we prese t a mathemat-
ic l m thodology to calculate t e data-rate provision for multi-user scenarios
for ac c ll with flexible system configuratio parameters.
3. Problem Stat e t
As m ntio e , the p rpos of this ork is t pr p s a ethodology and
lgorit s to ccura ely estim te the DL throughput or cap city (C [bit/s])
of LTE sys s in realistic scenarios hat considers th degradation that the
di↵e nt verhe d ech n sms produce.
Intuitively, use th ughpu increases with th number of useful RE dur-
i g a give time interval of interest. This time i terval  t can be either 1
T I r 1 fr me, d p ndi g on problem at hand (number of users, file
siz to b download by any user, tc.). In his pa r we will label the total
b of u ful REs (that is, tho e fo user data) during a time interval  t
by using he notation:
 OFr eRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O RE, T, (1)
where A RE, T and O tRE, T rep ent, resp ctively, the to al number of avail-
able (al nd rhe d REs within the time interval  t. Superscript  t
i ot s perfl ous since it will assis us in modeling a ariety of situation
with a u ifi d formalism. As will be modeled in this pap r, some overhead
componen s ppear o ly onc per f am while others are repe t d every TTI.
To proc d f rthe with LTE paci y es im tion it is conv nient to con-
der that not all the bits are used to trans ort user data but al o to detect
e rors (for i stance, Cyclic Redundancy Check (CRC) bits). The user ata
5
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F r OFDMA-bas d n tw rk, such as LTE, th available m dels can be
see in two major ca egori s. The power- ontrol based models study the
mbin on f the system nfigu ation and th service are as a function of
SINR i ibu io [14]. T e rate-control based mod ls f cus on t e combi-
nat on f the s stem c figuration and the data-r t provision as a function
of the load distrib tion [15]. The perf rmance model is hen the ptimized
soluti n to ovi e th de a ed d ta- at in the t rget a a, below best
matching syst m co figura i n.
Con i er g th requirement of the a e (l ) based model to have an
accurat measu for eac cel ’s capaci y, in this wo k we rese a mathemat-
ical methodol gy o calculate t e data-rate provision for ulti-user scenarios
for eac cell with flexible system configur tion para eters.
3. P bl Statement
As menti , e p rpose f this work i to p pose m t odology and
al rithm t curately estim te the DL throughput or capa ity (C [bit/s])
o LTE yste s n re l t c sc narios at c sid rs he degrada ion th the
di↵ nt ov rhe d ec nisms produ e.
Intuitively, u r thr ughput incr ases with th number of useful RE d r-
i g g ven ti e i terv l of interes . This im inter al  t can b i h r 1
TTI r 1 f a , ep n ing on the p oble at a d (nu ber of users, file
size t do load by any us r, e c.). In his paper we will label the total
umber of us ul RE (that is, tho e fo user dat ) uring a time interval  t
by us n the no a ion:
 OTTIRE, T(%) = O
Fra e
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w r A tRE, T an O tRE, T represent, respectively, the total number of avail-
able (a l) and overhead REs within the time interval  t. Superscript  t
is not uperfluous since it will assist us in model ng a v riety of situation
ith an nified ormalism. As will be modeled in this paper, some overhead
components appear only once per f ame while others are repeated every TTI.
To proceed further wi h LTE capacity estimation it is conv ni nt o con-
ider th t not ll th bits re used to transport us r data but al o to det c
errors (f r insta ce, Cyc ic Re undancy Check (CRC) bits). The user data
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For OFDMA-based w rk, such as LTE, the available m dels can be
s en in two m jor categor s. The w r- ontrol based mod ls study he
c mbina f th yst m configur tion and the service area s a function of
SINR dis ribution [14]. The rate-control b s d m dels focus on th combi-
ti n of th sys em c nfigura ion and he data-ra e pr vision as a function
of the l ad distribut [15]. T e perform nce model is th n he optimiz d
olution to provid he de a ded data-rat in the t rg t ar a, b low th best
chi g sy tem onfiguration.
Consideri g the requirement of the rate (load) b sed model to ave a
ccurate measure fo each c ll’s capa ity, in this work we pr sent a math mat-
ic l me hod logy to alculate th data-rate provision for multi-user scen rios
for each cel wit flexible system configura ion parameters.
3. Problem Statement
As m n ioned, th purpo e of this work is to pro s a methodology and
algorithm to ccurately estimat the DL throughput r capacity (C [ it/s])
of LTE syst i realistic sc a ios t at c nsiders the degr datio that the
di↵erent overhead mec a isms produce.
Intuitively, user throughput increa es with the number of useful RE dur-
i g given time interval of interest. This tim interval  t can be either 1
TTI or 1 frame, depending on the probl m at hand ( umber of users, file
size to be down oad by any user, etc.). In this paper we will label he to al
number of useful REs (that is, thos for user data) during a tim int rval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
whe A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) d overhead REs within t e time int rval  t. Superscript  t
is not superfluous sin e it will assist us in modeling a variety of situation
with an unified fo malism. As will be modeled in this paper, some overhead
comp n nt appear only once per fram while others are repeated every TTI.
To proceed further with LTE capaci y estimation it is convenient to con-
side that not all the bi s are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
seenintwomajorcaegoris.Thepower-controlbasedmodelsstudythe
combinatiofthesystemconfigurationandtheservicearasafuncionf
SINRdistribution[14].Therate-conrolbasedmodelsfcusonthecmb-
nationofthesystemconfigurationandthedata-rateprovisisafuction
oftheloaddistribution[15].Theperformancemodlistenteoptimized
solutntoprovidthedmandeddata-rateintheargetare,elowthebes
matchingsystmcofiguration.
Considringthereqirementoftherat(load)basedmoeltohavean
accratemeasreforeachcell’scapacity,ithisworkersntamamat-
icalmethodologytocalulatethedta-teprovisionformulti-usrscenarios
foreahcellwitflexiblsystemconfigurationparameters.
3.ProblemStatemt
Amentiond,thepurpseofthisworkistoroposeamethdologyad
algorithmsoacurtelystimatetheDLthroughpurcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatcnsidersthedegradationthathe
di↵ernoverheadmechaniproduce.
Intuitively,userhoughputincreseswiththenumerofusefulREdur-
inggiventimeinrvalofinterest.Thistmeintervl canbeither1
TTI1fram,dpdigonteproblemathnd(numberofusers,fil
siztobedownloadbyayuser,tc.).Inhipaperwewilllabelthetotal
nuberofusefulRs(thatis,thoseforuserdata)duringaimenterval t
byusingthenotati:
Overheadpercentage
withrspectotheavailableRE
BW(MHz)
O
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RE,T
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O
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⇥100
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RE,T
adO
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represet,reectivl,theotalnumberfavail-
abl(l)andohadREswihinthetimintrval t.Supescript t
inotsupefluoussnceiwillassistinodelnavaetysituaton
wiunifieformalism.Aillbeodelitipaer,someoverhad
cmpontsapelyoceerframewhilotherserepeatdeveryTTI.
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ftheloaddistribution[15].Theperformancmodelisthentheoptimized
soutiontoprovidethedemandedata-rateinthetargetara,belowthebest
tchingsystemconfigurtion.
Consideringtherequirementoftherae(load)bsedmodeltohavean
accuratemasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalclatethedata-rateprovisionformulti-userscenarios
foreachcllwithflexiblesystemconfigratoprameters.
3.ProbleSttement
Asentioned,thepurposeofthisworkistoprpseamethodologyand
algoithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenarithaconsidersthedegradationhatthe
di↵erentoverheadmechanismsproduce.
Intuitively,usertroughputincreaseswitthenumberofusefulRdur-
ingagivetimeitervalofinterest.Thistieinterval tcanbeeithe1
TTIr1frme,dependingontheroblemathand(numberofusers,file
szetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nmberofusefulREs(tatis,toseforuserdat)dringatieiterval t
byuingthentatin:
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Figu e 5: Ov rhead p centage (%), with espect t A tRE, T, as a function of BW. Squared
sy ols repr sents  OFr meRE, T(%)  OTTIRE, T(%).
O TIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6 2. S nsitiv of e head on DCI length LDCI
As a f ncti n f BW...
6.3. Influence of Ng “PHICH G oup Scaling Factor”
As a functi n of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system s configured wit its highest parameter and all the
av ilable resourc s are a signe to a single UE which is in the best r ception
conditions, he highest data-rate provision ca be expected. An accurate
over ead alcul tions that is customized with the system configuration, pro-
vides us with the xa m unt of usef l resources t at can b assigned for
da a-tra smission.
Consi ering th aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ e ach c p nent s a funct n of BW
For 1.4 is 31%. RS i 91%...
For 20 MHz 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based netwo k, such as LTE, the available models can be
seen in tw major cat gories. The power-control based models study the
c mbination of the ystem configuration nd the service area as a function of
SINR istribution [14]. The ra e-control bas d models focus on the combi-
ati n of h sys em c figuration an he data-r te provis n as a function
of the lo d distri uti [15]. The perf rma ce model is th n the optimized
olution o provide the demanded data-rate in the target area, bel w the best
chi g sys em configurati .
C i e ing the r quireme of the rate (lo d) based model o h ve an
accurat m ure for e ch ell’s capacity, in this wo k w pr se a ma hemat-
ical eth logy o calcula e data-rat provision for multi-user scenarios
for each ell with flexibl system onfigu at on parameters.
3. P l Stat e t
As entio ed, the purpose of this work is to p op se a methodology and
algori s to ccurately estim t the DL throughput or capacity (C [bit/s])
of LTE ystems i r a stic scen rios that cons d rs d gr dation that the
di↵ r t er ad cha isms produce.
I tuitiv ly, se throughput increa s with the number of useful RE dur-
i g a giv t me in v l of int rest. Thi time i terval  t ca be either 1
TTI r 1 frame, dep nding on the pr bl m at hand (number of users, file
s ze t b wnl ad b any us r, etc.). In this ap r we will label the total
nu b r of u ful REs (th t is, th se for user data) duri g a time interval  t
by usi g h otati n:
 OFr eRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a O RE, T rep en , resp ctiv ly, th total number of avail-
ble all an overhead REs within t e time interval  t. Superscript  t
i ot uperfluous since it will assis us in modeling a variety of situation
with an u ified formalism. As will b modeled in this pap r, some overhead
componen s appear o ly once per frame while others are repe ted every TTI.
To proceed furthe with LTE c pacity es imation it is convenient to con-
sider that not all the bits are used to rans ort user d ta but also to detect
rors (f r instance, Cyclic edundancy Check (CRC) bits). The user data
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is not sup rfluous since it will assist us in mo eling a v riety of situation
ith an ified forma ism. As will be modeled in this pap r, some overhead
com o ents appe r only once per f ame while others are repeated every T I.
To proceed furth wi LTE capacity estimation it is conv ni nt o con-
sid r th t not ll th bit ar used to transport us r data but al o to det c
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F r OFDMA-based etwork, such as LTE, he av ilable m dels can be
seen in two jor categories. The ow r-control based mod ls study he
c mbina io f the system co figuration and t servic area as a function of
SINR distribution [14]. The r t -co trol based mod s focus on t combi-
n ti n f the system c nfig ration and h dat -ra e pr vision as a unction
of th load tri ution [15]. The performance model is then the optimized
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ccura e mea ure for e ch ell’s capacity, in this work w pr sent a mathe at-
ical e hodology o calculate th dat - ate pro ision for multi-user scenarios
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3. Problem Statemen
As m n ioned, th purpose of t is w rk to pro ose a metho ology and
alg rithms o ccu at l stimat the DL throughput or c pacity (C [ it/s])
of LTE systems in r alist c scenarios that consi ers the degradation tha the
di↵erent overhead mechanisms produ .
Intuitively, us r thro ghput increases with the number of useful RE dur-
ing ive time int rval of interest. This ime interval  t can be either 1
TTI or 1 frame, dependin on the problem at hand ( umber of users, file
siz to be downl ad by y user, etc.). In his paper we will label he total
number of useful REs (that is, th s for user data) during a tim in rval  t
by us ng the notation:
Ban width, BW (MHz)
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OFrameE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tR , T, (1)
where A tRE, T a d O tRE, T rep esent, respectively, the to al umber of avail-
ble (all) d overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of si uation
wit an unifi forma ism. As will be modeled in this pap r, some ov he d
c mpon ts appear only once p frame while others are repeated every TTI.
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ForOFDMA-basednetwork,suchsLTE,theavailablemdelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinatioofthesystemconfigurationadtheservicearasafuncionf
SINRdistribution[14].Therate-controlbasedmodelsfocusonhecomb-
nationfthesystemconfigurtionadthedata-rateprovisinasafunction
oftheloaddistribution[15].Teperformancemodelisthentheoptimized
solutiontprovidethemandddta-rateinthetargetarea,belowthebest
matchingysemconfiguration.
Consideringthereqirmentoftherate(load)basedmodeltohavea
accuratemeasureforachcell’scapacity,inthisworkwepresentaathemat-
icalmthodologytocalculatethedata-ratprovisionformulti-userscenarios
forachcellwihflexiblesystemconfigurationparmeer.
3.PbleStatement
Asmentioned,thepurposefthiswrkstoproposeamethodologyad
algoritmstoaccuratelyesimatetheDLthroughptocapacityC[bit/s])
ofLTEsystemsinrealisticscnaristhatconsidesthedegradationthathe
di↵erentovereadmechanimspoduc.
Intuitvely,uethroghputincreasesiththenumberofusefulREdur-
inggiventimeitervalofintest.Tistimeintrval tcanbeeither1
TTIr1fra,dependingontheproblemathand(nuberofusrs,file
sizetobedownloadbyyusr,etc.).Ithispaperwewilllabelthtotal
numberofusefulRs(thatis,thosfruerdata)duingatimeinerval t
byusingthentation:
Ovrheadpercentag
ithrespcttotheavailabREs
,BW(MHz)
 O
TI
R,T
(%)=
O
Fame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 t
RE,T
rpesent,rspectivl,hetlnuberofavail-
ale(l)anderheadREswihinthetimentral t.Superscrit t
isnotsuperfluousnciwillassisuinodelngavarityofsituato
wihanunifiedformalism.Aswillbemolediispper,someoverhead
compotspearoycpefrawhlthersarerpeatedeveyTTI.
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednework,suchasLTE,theavailabemoelscnbe
seenintwoajrcategories.Thepwer-controlbasedmodelsstudythe
combinationofthsystecnfiguationandtheservieareaasafunctiof
SINRistribution[14].Thrte-contrlbasedmodelsfocusonthcombi-
ntonofthesysteconfigurationandtheata-rateprovisionasafunctin
oftheloadisribution[15].Theperformancmodelisthentheoptimized
solutionoprovidethedemandeddata-rateinthetargetarea,belowthebest
machingsystmconfigurain.
Consideingtherequirementoftherate(load)badmodeltohavean
accuratemeasureforeachcel’scpcity,inthiswkweprentamthemat-
icalmethodologyocalculatethedat-rateprovisionformulti-userscenarios
foreachcellwthflexiblesysemconfigrationparameters.
3.PoblemSttemnt
Amentioned,thpurposeofthiswrkistoprposeamethodologyand
algorithstoaccuratelyesimatetheDLthoughputorcapaciy(C[bit/s])
ofLTEsystemsinrealistcscenarithatcosidersthedegradationhatthe
di↵erentoverheadmchanismsproduce.
Ititivly,userthroughputincreaseswiththenumberofusfulREdur-
inagivntimeintervalofinterest.Thistieinterval tcanbeeither1
TTIr1frame,dependingontheproblemathand(numerfusersfil
sizetodownladbyayur,et.).Inthispaperwewilllabeltheotal
nmbrfusefulREs(thatis,thseforuserdat)durigatimeintevl t
byusingthenotion:
Overeapercntage
(withrescttotheavilablREs)
,BW(MHz)
 O
TTI
RE,T
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O
Frame
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Frame
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⇥100
U
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RE,T
=A
 t
RE,
 O
 t
E,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
repreent,espectively,thetotlnumberofavail-
be(all)adverheREswithinthetimeirl t.Supescript t
isntsuerfluoussincitillssistusinmelingvarietyofsituation
wihanunifidformalsm.Aswillbmodeldinthisper,someovrhead
compoentsappearolonceperfrmewhileothersrerepeatedeverTTI.
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Figur 5: Overh d p rce age (%), with es ect t  tRE, T, as a function of BW. Squared
symbols repr ents  OFrameRE, T(%)  OTTIRE, (%).
 O IE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of erhead on DCI length LDCI
As a functi f BW...
6.3. I fluence of Ng “PHICH Group Scaling Factor”
As a functi n f B ...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
Whe the system is configured with its highest parameters and all the
available resourc s are assigned to a single UE which is in the best r ception
conditions, he highest data-rate provision ca be expected. An accurate
v rhead alcul tions that is customized with the system configuration, pro-
vides us with the exa t m unt of usef l resources t at can b assigned for
da a-transmission.
Consi ering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: v rh a p centage (%), with respect to A tRE, T, as a functi n of B . Squa ed
ymbo repr sent  OFrameRE, T( I, ). OTTITOTAL =  O IPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
6.2. Se sit v ty of ov rh ad on DCI leng h LDCI
As a functio f BW...
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6 1. Influ nce on each c mpo en as functi n f BW
Fo 1.4 is 31%. RS is 91%...
Fo 20 MHz is 16%. RS is 46%...
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For OFDMA-based ne work, such as LTE, the available m dels c be
s e i two m jor ategories. The owe -control b sed odels study the
c ination of he system onfiguration a d he service ar a a a func ion of
SINR istribu ion [14]. The rate-con rol b sed model focu on the combi-
n tion of t te configuration and the data-rate pr vision as a functi
of the load d stributi n [15]. The p rf rmance mo l is then the optimized
solu io to prov de t e de a ded data- t in t ar et area, belo the best
t hi g s e configur tio .
Con id ri g the r qu rement of he r (lo d) ba d model o ave
ccurat easu e f r each ce l’s capacity, in this wo k w p esent a mathe at-
ic l et odology t c lculate h dat -rate r ision for ulti-u er sce ari
for c cell with flex bl system co figur t on p ramete .
3. Pr blem Statem nt
As m ntio e , e pu pose of t is ork s t propose a etho ol gy a d
lgorit s to accura ely es te h DL thr ughput o capacity (C [bit/s])
f LT syst s in re li t c c n i s that consider the degra a i that
di↵erent o rh d m ha m pro c .
I uitiv ly, user t r ughp increa s with he number of seful E du -
i g a giv i e int rv l of inter s . T is ti e interval  t an be ei her 1
TTI 1 fr , dep n ng on th roble at h n (numb r f users, file
siz t be dow lo d by ny user, tc.). In this pap r we will l bel he total
umb r of ful REs ( is, t ose fo us r data) during a tim interval  t
by usi g e ot io :
OFra eRE, T(%) = O
Frame
RE, T
Fra e
RE, T
⇥ 100
U tRE, T A tRE, T  O tRE, T, (1)
where A tRE, T n O tRE, T repre nt, respectively, e total n mbe of ava l-
abl (a l) and over ead R s within the time i t r l t. Su rscri t  
is ot uperflu u si ce i will ssis s del ng a variet of situa ion
wi an unified fo malism. As will b m deled in h s paper, some overhead
co onents p ear o ly onc per frame while ot ers are r peated e ry TTI.
To pr c d further with LTE cap city sti ion it s conveni nt to con-
sid r h t not a l the bits ar used to tran port user data but also to de ect
errors (for instanc , Cyclic Redundanc Check (CRC) bits). The user d ta
5
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For OFDMA-based network, such as LTE, the vailable models can be
een in wo m jor categories. The pow r-c ntrol based mod l tud e
co binati n of h syst configuratio an the ervic area as a functi n of
SINR di tribution [14]. T ra e-control based models f s o h co bi-
a ion of s em configu ati n and the data-rat pro i ion s a fun tion
of he loa dis ribu i n [15]. Th perf rma ce m del is e the op i ized
s lu ion t pr vid th deman ed dat -r te in the t g rea, below t e best
ma chi g sys configur t o .
C nsid ring t e r qu r n of th rat (loa ) bas d odel to av n
accu ate measure for each cell’ ca acity, i is wo k we r sent a ath mat-
ic l hodology calculat the a-rate p ovisi for mul i-u r sce arios
ach cell wit fl xible syst m configu ati n ame ers.
3. Pro l St e nt
As m ti e pu pose of t i w rk i o pr po e a thodolog and
a gori h s o a l stimate t e DL thr ug p t r c p ity (C [bi /s])
f LTE s st s in r lis ic scen r s tha onside s the de ada on that the
di↵ ren ov r e d m h is s ro ce.
I tu ely, us r throug p t in reas s with the n ber f usef l RE -
ng give ti e int rv l f t rest. This ti e in erv l  t c n b e her 1
TI or 1 frame, p din on he pr blem at a (numb r of sers, fil
size to b lo d b a user, t .). I i pape will label he tal
nu ber of seful RE (th is, those for u er da a) during a time n erval  t
by using he o ion:
 OTTIRE, T(%) = O
Frame
RE, T
AF amRE, T
⇥ 100
U RE, T = A RE, T  O tRE, T, (1)
wher A tRE, T a d O tE, T repr se t, re pecti ely, the ot l numb r of avail-
abl (all) nd verhead RE wi hi t ime i terval  t. Super crip  t
is not superfl u since it will assist us in modeli g a va iety of situa i n
with an u ified formalism. As will e mod led this paper, so e overhe d
compone ts appe r only on e per f m w ile her are r peated very I.
o pr ce d f r h r with L E c p city s imation it i convenient to c n-
si er that ot all the bits are us d to transport user dat but also t detect
errors (fo in tance, Cyclic R dundancy heck (CRC) bits). e user data
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Fo OFDMA-based ne work such s LTE the availab e odels can be
s en i two major c tegor s. Th p w r-co trol based mod ls study he
combina i n f t sy te co figurati n the e vice area as a functio of
SINR dis i ion [14]. The ra e-c ntrol bas d models focus on he combi-
nati n of t e system configura ion and the a-rat pr visio as function
of e load di tribution [15]. T perfo manc od l i then the op imiz d
soluti to rovide th dem nded data-rat in the ta ge a a, below the b st
m tch g system config ra ion.
C nsid ri g the requ r men of the r te (load) based model to have an
ccur te measur f r e ch cell’s capacity, in his work we pr ent a mathemat-
ica met o l gy o c lculate the a a-r pr vision fo ulti-use scenarios
for ch cell with flexible system c nfig ration p rame ers.
3. Probl Sta e ent
As me tioned, t purp se of thi work is pro o e a methodology and
algorithms t a curate y stim te th DL t roughput or capac ty C [ it/s])
of LTE sys e s in realistic scenarios th considers the d gradatio t t the
di↵e e t o er ead e hanis s rod ce.
In uitiv ly, user throughput i creases with e number of useful RE dur-
ing a giv n tim interval of i teres . This im int rval  t c b ith 1
TTI o 1 fra e, depending o the probl m at and (number of users, file
size to be d wnlo by an ser, etc.). In this pa r we will label he total
umber of us ful REs (t at is, those for s r data) uring a ime in erval  t
by us ng the n ta i :
Ban wid h, BW (MHz)
 OTTIRE, T(%) = O
Fram
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O RE, T, ( )
where A tRE, T and O tRE, T represen , resp c ively, the tota number of avail-
abl (all) overhead RE within t e i e int rval  t. Superscript t
is not superfluous i c it will assist in modeling a v riety of situation
with an unified for a ism. As will be odeled in this paper, some overhead
components ppear ly onc per fra e while others ar rep ated every TTI.
To proceed further ith LTE c p ci y estimati n is onvenient to con-
s de hat not all t e b ts are sed t transp rt user a but also to detec
5
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ForOFDMA-basdnetwork,suchasLE,thavailablemodelscanb
seeintwomajorcategories.Thepower-controlbasedodelsstudythe
combinationfthesystemconfigurtionandtheserviceareaasafunctionof
SINRdistribution[14].Therate-ctrolbasedmodelsfocusonthecombi-
nationofthesystmconfigurationandthedata-rateprovisionasafunction
oftheloadditribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-ratinthetargetarea,belowthebest
machingsstemonfigrain.
Consideringthquirmentfhrat(lod)basedeltohavean
accurtemasureforeachcll’scapcity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedta-rateprovisionfrmuli-userscnarios
forachcellwithflexiblesystemonfigurationparameters.
3.ProblemStatemet
Asmentioed,purposeoftisworkistoproposeamethdoloynd
algrithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystesinrealisticscenariosthatconsiderthdgradationthatthe
di↵erentoverheadmechanismsproduce.
Inuitively,usertrughputincreaseswiththeumberofusfulREdur-
ingagivntimeintervalofinteres.histimintervl tcanbeiher1
TTIor1fram,dependingtheprobleahad(numberofuers,file
sizetobdownloadbynyuser,etc.).Inthispaperwewilllabelthetotal
numberfusfulREs(hatis,thosfruserdata)duringatiminerval
byusigthntation:
Overhaperceage
ihrespecttoevailableREs
,BW(MHz)
 O
TTI
RE,T
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⇥100
U
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 t
RE,T
,(1)
wherA
 t
RE,T
adO
 t
RE,T
represent,spectively,thetoalnumbrofavail-
able(ll)andoerheadRswithinthimeinterval t.Superscript t
isntsuperfloussiceitillassistuiodlgavarietyofsituation
itnunifiedformalim.Aswillbemoldinhispaper,someovehead
componsappearlyonceperframewhileothersarerepeatedeveryTI.
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algor thms o ccura ly m t he DL roughpu r capaci (C [b t/ ])
of LT stems i real stic ce arios th t considers the degradation that the
di↵erent verh ad mech isms produc .
Intuitively, user throughput increases with the ber of useful dur-
i g a i im int rval of i er t. This time int rval  t can b eith r 1
TI or 1 frame, d pending on he pr blem at hand (number of users, file
size to be d wnload by a y u er, etc.). I this pap r we will l bel the tot l
m r of u ful REs (th t is, ho fo use d t ) duri g im int rval t
by usi g th n t tion:
OFrameRE, (%) = O
Frame
RE, T
Fra e
RE, T
⇥ 100
U tRE, T = A tRE,    t , , (1)
where A tRE, T and O tRE, T repres nt, r spec ively, the t l umber of avail-
able (all) overh ad REs within the time interval  t. Supers ript  t
is not sup rfluo s nce it w ll sist us in m deling variety of si uation
with n u ified fo mali . As will be modeled in this paper, me overhead
com o ents ppe r only onc per fra e while others are repeated every TTI.
To proceed fur he with LTE capacity estimation i is convenient to con-
sider that not all th bits are used to transport user data but also to detect
er rs (for instance, Cyclic edundancy Check (CRC) bits). The user data
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c ra e meas re for each cell’s capa ity, in t is w rk we res nt a mathe a -
ical method logy t alc late the da a-rate provision for multi-user scenarios
for ach cell with flexib e system co figu at o parameters.
3. Problem S ate nt
As menti ned, the purpose of this work s t p opose a m hodol gy d
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TTI or 1 frame, d pen ng on th problem t hand (number of us rs, file
size to be dow l d by any user, etc.). In th s pape we will label the tot l
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by us ng the notation:
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Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T    tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
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is not superfluous since it will assist us in modeling a variety of situation
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To proceed further with LTE c pacity e timation it is convenient to con-
sider that not all the bits are used to ransport us r data but also to detect
5
6.
1.
In
fl
ue
n
ce
on
ea
ch
co
m
po
n
en
t
as
a
fu
n
ct
io
n
of
B
W
F
or
1.
4
is
31
%
.
R
S
is
91
%
..
.
F
or
20
M
H
z
is
16
%
.
R
S
is
46
%
..
.
10
#
15
#
20
#
25
#
30
#
35
#
1,
4#
3#
5#
10
#
15
#
20
#
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OF
ra
m
e
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajoregories.Thepowe-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftsystemconfigurationndthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiotoprovidethedeandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscnarios
freachcellwithflexiblsystemcofigurtionparameters.
3.ProblemStatement
Asentioed,thepurposeofthisworkistoproposeamethodologyan
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradatiothatth
d↵eretovrheadmechansmspruce.
Intuitively,serthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcnbeeither1
TTIor1frame,dependingontheprblemathand(numberofusers,file
siztobedwnlodbyanyuser,etc.).Inthispperwewilllabelthetotal
numerofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttothavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
represent,rsectively,thetotalnumberofavail-
ble(ll)anorhadREswithinthetimintrval t.Superscript t
snotsuperfluoussicitwillassistuimodelngavarieyofitation
withnifiedfralism.Aillbeoeldinthispp,smeoverhead
componnsappeaolyonceperframwhileothersarerepeatedeveryTTI.
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Figur 5: Overhead percentage (%), ith respect to  tRE, T, as a func ion f B . Squ red
sy bols represent  OFramRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameR , T
⇥ 100
6.2 S nsitivity f overh ad on DCI length LDCI
As a func ion of BW...
6.3. Influence of Ng “PHICH Grou Scal ng F ct r”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When t e system is configured with its highest parameters and all the
availabl reso rces are assigned to a ingl UE which is in t e best r ce tion
conditions, the highest data-rate provision can be expected. An accurate
overhead calcula ions that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculat on, t following system config ration shall be pplied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Infl ce n each o o en s a fun tion f B
For 1.4 is 31%. RS is 91%...
For 20 Hz 16%. RS is 46%...
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!!!!!!!!!!!!!!!!!Sio ina
For OFDMA-based netwo k, such s LTE, e av ilabl mo els can be
s e i maj r ca go i . Th p w -co tr base mod l s u y he
co bin on f the y tem configur t n d t e servic a ea a a func ion of
SINR istr i [14]. T rat - o trol b s d odels focus on the co bi-
nati n of e sys m c nfi a i n a d he da a-r t rovi ion as a func i n
of h l dis rib t on [15]. Th p rf rm c model i the p miz d
olution p ovide the d e da a-r i the t rg t ar , b l w he b st
a ching sys m co figur ti .
Co id i g t e r q ir me f the r (l d) b sed l o have an
c ur te asur f r ach ell’ ac ty, in t i w k r se a m he at-
c l o o gy to alc late e data-r t rovi i for multi-user scen rios
for e l with flexibl s s em fi u t on par meters.
3. P bl St e en
As me tio ed, t e purpos of this work is to p op s a me odol gy and
lgorithms to accura ely s im e he DL throughp or capaci y (C [b t/ ])
of LTE yst ms i ealist c c nari s at c n id rs de radati n that the
di↵ rent verh ad chanisms produc .
Intuit v ly, use throughput in reases wi h the umber of sef l RE ur-
i g a gi e ti int val of i r st. Thi time i terval   ca b eith r 1
TTI or 1 frame, d p nd ng on he robl m at hand (number f use s, file
z t b wnl d by a y u , etc.). In this p r we will bel he total
m r of eful Es (t i , th se for us d ) duri g tim in erval t
by usi g t e ati n:
 OF ameRE, T(%) = O
Frame
RE, T
Frame
RE, T
⇥ 100
U tRE, T = A tRE, T    RE, T, (1)
whe e A tRE, T a d O tRE, T r pr s n , re pec iv ly, h t l num er of v il-
able (all) a overhe d REs within the ti e interval  t. Superscript  t
is ot sup rfluous sinc it ill s ist us in m deling a variety of situat on
wit unified formal sm. As will be m deled in this pap r, s me overhead
co onents ppe r nly o ce per fra e while others are repeated every TTI.
To proc ed fur he with L E capacity estima ion i is convenient to con-
sider that not ll the bits are used to tra sport user dat but also to det ct
rors (for instance, Cyclic Redu dancy Check (CRC) bits). The user data
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Fo OFDMA-b sed etwork, such s LTE, th av ilable models can b
see n t o ajor a ie . Th power-c nt ol bas m l study e
c bin ti f the s s o fi ur io and t e servi e rea s a fu cti of
SIN di r bu i [14]. The -contr l b s d ode s f cu o the mbi-
a io f e sy e configurati n nd -r t ovision a c on
of h l ad istr bu ion [15]. T p fo nc od l is t n t e optimized
olu i n t provi h d e -ra i rg t r a below the best
m chi g yst config rat o .
Conside i g th q i of he ate (lo d) model av an
ccura e measur f r ach l’s capacity, i this w rk w p e e t a m e at-
cal et d logy t calc late th data- at provis on f ul i user scenario
for ach ell wi h flexibl syst m onfigura i p ra eters.
3. Probl m St tem t
As ntioned, the pu pose o t is ork is t prop se hodo gy and
algorithm o ac u at ly s im t the DL ghput or ap c ty (C [bit/s])
f LT yst ms in r ali tic sc n rios at c siders the d gradati n tha the
di↵ re t ov rhe d ch ni pro u e.
I tu tively, us hrou hput increa es with th number f useful E dur-
ng a given ti e interval of interest. This ime nterval  t can be either 1
TTI or 1 fr me, dep ndi g on th p o l m at and (nu ber of users, fi e
siz to be dow l by any se , tc.). In t is paper we will lab l the total
nu b r of useful Es (t t is, th se for use data) uring im interval  t
by using the ation:
 OTTIRE, (%) = O
rame
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
whe e A tRE, T a d O tRE, T repr se , re pec ively, th o l number of v il-
able (all) and overhe d REs withi the time in erval  t. S erscript  t
is not superfl ous since it will assist us in modeling a variety of situation
with an u ified form lism. As will be modeled in this paper, some overhead
co ponents appear only once per fra e while others are repeated every T I.
To proceed further with LTE capa ity timation it is conve ient to con-
sider that n t all the bit ar used to trans ort user data but also to det t
errors (for instance, Cyclic Redundancy Check (CRC) bit ). The user data
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For OFDMA-bas n tw rk, s c as LTE, the av ilable m d ls can be
see in two ajor ca egorie . The ower contr l ba e mod ls study h
mbi ati n of the system configurat on and th servic re as a functi of
SINR ist ibution [14]. T e r t -control based mo s f us o th combi-
natio f h s c nfiguration and the da a-rate p vision s a fun t on
of t e l d ibuti n [15]. The perfor a e model s then t opti ized
solu ion t r v de the dema de data-rate n he targ t ar , bel w e b st
match g system config ration.
Consi eri g the requir ment of the ( oad) based o l to have an
c ra e measure for eac cell’ c p city, in hi w k we present a mathe at-
ic l m t odology t c lcula he dat -rat pro ision for multi-us scenari s
fo each ell with flexible system o fi urati p ame rs.
3. Problem S atement
As e ion d, the purpose f this w rk t p opose a me o logy and
alg rithms o ccurat l estim te DL throug put or c paci y (C [ it/ ])
of LTE sys ems in ealistic scen ios hat cons ders e degradation that the
di↵ re over ad e h nis s p odu .
Intuitively, us r throughput increases with the nu ber of useful RE dur-
ing a given time nterval of int rest. Thi ime interval  t can be either 1
T I or 1 frame, d pe in n th problem han (number f users, file
size to be downloa by any user, etc.). In this paper w will label th t tal
nu ber of us ful REs (that is, th se f r us r dat ) duri g a time interval  t
by us ng the n tation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T A tRE, T  O tR , T, (1)
where A tRE, T and O tRE, T rep esent, r pectively, the to al umber of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superflu s sin e it will assist us in modeling a variety of situation
with an unifi formalism. As will be modeled in this paper, some overhead
components appear only once p r frame w ile others are repeate every TTI.
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ForOFDMA-bsednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistributio[15].Theperformancemodelisthentheoptimized
solutiotoprovidethedemandeddat-rateithetargetarea,belowthebest
matchingysteconfigurtion.
Consderingtherequiremenftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapcity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexblesystemconfigurtionparameters.
3.PoblemStatement
Aseied,tepurposeofthisworkistoproposeamethodologyand
alorthmstaccatelyestimateheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenrioshatconsidersthedegradationthtthe
di↵erentoverheadmechanismspruce.
Inuitively,ethroughputincreaseswththnumberofuefuREdur-
iggiventimeitrvalofinterest.Thistimeinterval canbeeither1
TTIor1frame,depeningontheproblemathand(numberofusrs,file
siztobedownlodbyayuser,etc.).Inthispperwewilllabelthetotal
numerfusefulREs(thatis,thoseforuserdta)duringatimeinterval t
byusngtenotation:
Overheadpecentage
withrespettotheavailablREs
,BW(MHz)
 O
TTI
RE,T
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O
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RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
where
 t
RE,T
andO
 t
RE,T
rprsent,rspecively,hettalnuberofavail-
able(ll)anderheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussiceitwillssistuindelngvarietyofsituation
withanuifiedfmalism.Aswllbmdeldinthisppr,somoverhead
coponntsappearolyceperframewilthersrerepeatedeveyTTI.
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combinatioofthesystmconfiguationandtheservieareaasafunctionof
SINRdistribution[14].Therte-controlbasedmodelsfocusonthecombi-
ntionofthesystemconfigurationandtheta-rateprovisionasafunction
ofthloadisribution[15].Theperformancmodelisthentheoptimized
solutionoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystmconfigurain.
Considerintheequirmenftherte(load)badmodeltohavan
accuratemeasureforeachcell’scpcity,inthiswkweprentamthemt-
icalmehodologytocalculatethedat-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationaramters.
3.ProblemStatement
Amentioned,thpurposeofhisworkistoprposeamethodolgynd
algorithstoaccuratlyestimatetheDLthoughputorcapaciy(C[bit/s])
ofLTEsystemsinrealisticscenaristhatconsidersthedegradationthatthe
di↵erentverheadmechanismsproduce.
Intuitivly,serthroughptincreaseswiththenumberofusfulREdur-
ingaiventimeintervalfinteest.Thistimeinterval canbeeither1
TTIor1fam,dpendingonthepoblemthand(numrofusers,file
sizetobdownloadbyanyur,c.).Inthispaprwwilllabelthetotal
numberofusefulREs(thais,thseforuserdat)duringatimeintvl t
byusingthenotion:
Overeadperntage
(withrespecttotheavilableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,
⇥100
U
 t
RE,T
=A
 t
E,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
ndO
 t
RE,T
repreet,spectively,thtotlumberofavail-
abe(all)andverhadREswithinthetimeinl t.Supescript t
isntsuperfluoussincitillssistsinmodelingavarietyofsituation
withanunifiedformalism.Aswillbeodldinthispper,someovrhead
compoentsapperonlyonceperframewhleothersarrepeatedeverTTI.
5
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
•
T
h
e
h
ig
h
es
t
sp
at
ia
l
m
u
lt
ip
le
xi
n
g
le
ve
l,
im
p
ly
in
g
2
co
d
ew
or
d
s
(q
=
1)
,
an
d
4
⇥
4
M
IM
O
(⌦
=
4)
.
26
Figur 5: Overhea perc ntage (%), with respect o  tRE, T, as a functi of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S ns tivity of overh ad on DCI length LDCI
As a fu tion o BW...
6.3. Influenc of Ng “PHICH Group S aling Factor”
As a function of BW...
6.4 Sc n ri 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highes parameters and all the
avai ab e resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful res urces that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 6: Ov rh a perc ntage (%), with respect to A tRE, T, as a functio f BW. Squared
symbo s repr se ts  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of verhead on DCI length LDCI
As a function of BW...
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6.1. I flu nce each c pon t func io f BW
F 1.4 s 31%. RS i 91%. .
For 20 MHz i 16%. RS is 46%...
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For OFDMA-based network, such a LTE, the available models can be
seen in two major categories. The power-cont ol based models study the
combin tion of the sys em configuration and the servi area as a function of
SINR di tribution [14]. The rate-control based models focus on the combi-
nation f the system c nfiguration and h data-rat provision as a function
of th l d is r bution [15]. The performance odel is then the optimized
solution to provide the de a ded data-rate in th targe a ea, below the best
mat hing system configuration.
Considering the requir en of th rate (lo d) ba ed model to have an
accur e m asure for e ch cell’s capac ty, n thi work we pr sen a mathemat-
ical e o ol gy o calculate the data-r te provisio for multi-user sc narios
fo ach cell wit flexible sy tem configur ti n parameters.
3. Probl St t
s me ti ned, the urp se f his w rk is to propos ethodol gy and
a g ith s to accurat es ima e e DL throughput or ca aci y (C [bit/s])
of LTE sys ms i re lis ic scen rios t at co siders the degradati n that the
di↵er t ov r e d m chani m produc .
I iv ly, us r t rou hput incre ses with the number of useful RE dur-
i give e in val of i terest. T i i interval   an b either 1
I 1 ra e, d p di g o the pro lem at h nd ( u r of us , file
iz t wnload by n us r, etc.). I his p per w will l bel the total
nu b r f useful REs (tha is, o for u er da a) during tim int rval  t
sin no ati :
Fram
RE, T(%) =
OFra eRE, T
AF meRE, T
⇥ 100
U tR , T = A tRE, T  O tRE, T, (1)
wh r A tRE, d O tRE, T epr sent, resp ctively, t e total number of avail-
le (all) v r d REs withi ti e inte val  t. Su ersc ipt  t
is not u rfluous i ce it will assi t us in modeli g a variety of situation
w h u ifi d form lism. As wi l be mod led in this p per, s me over ea
o po t ppe only once per fr me whil o rs are re ea e every TTI.
oceed further wi LTE c pacity stimation t is convenient to con-
sider that no all the its re used to transport user dat but also to detect
errors (f r ins e, Cy ic edun ncy Ch ck (CRC) bi ). The user d ta
5
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For OFDMA-based network, such a LTE, the available models can be
s e in wo aj r cat gor e . The pow r-c t ol based models study the
combination f the syst m configuratio and the servic area a a func i n of
SINR dist ibu ion [14]. Th rate-control based odels focus n the combi-
nation of the system configur tion and the data-rat provision as a function
of he load distribution [15]. he performance odel is then t op i ize
solu io p ovide th de a ded data-r te in the target rea, below t best
atc ing ystem configur tion.
Co sid ring he equir m nt of h rate (lo d) ba ed model t have a
cc r e ur f r e h c ll’s capac ty, in this work w pres nt math mat-
i al h dol gy calc l t e data-r e pr vi io for ulti- ser sce arios
ch c ll wit fl x ble system co figur ti n p ame ers.
3. Pro l m S m nt
A men io ed, th purpos f this work is to propose a e hodology and
al orith s to ac ur el estima e the DL th oughput r c pacity (C [bit/s]
of LTE sys ms n alis ic s enar s that cons d s t gra tio th t th
di↵ rent overhead ech is s p u e.
I tuitively, r g put increases with the number of useful RE dur-
n giv n im i val f inte t. Thi time interval   an b ither 1
TTI 1 fra e, d p d g on he pro em at hand (number f s rs, file
ize o b w l b a y user, et .). I th s p per we will label the total
mb r of usef l REs ( at s, hose for u e at ) urin a ime interval  t
usi g th o ati n:
OTTIRE, T(%) = O
Fr m
RE, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh r A  , T nd O tRE, T epr sent, e p tively e tot l nu ber of avail-
bl ( ll a d ver ead REs withi the time in erval  t. Sup rscript  t
i not u rflu us sinc i wi l assist us i odeli g variety of it ation
wit a unifi d for alism. As wi l b model d i thi paper, som overh ad
c mp nts ppear only o ce er fram whil oth rs are repeated v ry TTI.
To proceed f r wi LTE capacity estim io it is c nvenient to con-
ide h ot ll bit ar used to port ser dat but also to detect
erro (for inst nc , Cyclic ed dancy C eck (CRC) bits). The user data
5
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F r OFDMA-bas d n twork, suc as LTE, the available models can be
se n i two maj r at g i s. Th ow r-c ntr l bas d m dels study he
mbin tion f th system c figura i n and the servi re as a fu tion of
SINR d st ibut [ 4]. The r te-c ntrol based models focus on the combi-
atio of th sy em configuration nd th a a-r t pr v sio as a function
of the lo d distribu ion [15]. h per orm nce model is th n the optimized
s lu ion to p ovide th demanded d t -r t in the targ t area, below th best
atching ystem configurati .
C nsid ri g he require e t f the ate ( o d) bas d model to ve an
acc rat asur for ach cell’ capacity in this work we p esent a mathemat-
c l meth dology to alculat the d t -rate r ision for multi-user scenarios
f r eac ll with flexibl ystem configurati param ters.
3. P l m S t en
As mentioned, the purpo e of this work is to pr os a methodology and
algorithms t ccu at y sti te the DL th oug put or capacity (C [ t/s])
f LTE sy e s in r ali tic s ena ios that onsid rs e d gradation that the
di↵e ent ove h ad m chanis s p odu e.
Intuiti ely, user through ut increases wit th nu ber of useful RE ur-
ing give time i te v l of i rest. This time interval  t c n be ei er 1
TTI r 1 fr me, depending n the pr blem at hand (number of users, file
iz o b downl a by any user, etc.). In this paper e will label the total
umber of us ful RE (t at is, os for ser a a) during a time inte val  t
y us g th o ation:
ndwidth, BW (MHz)
 OTTIE, T( ) = O
Fra e
E, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe e A tRE, T and O tRE, T represent, respecti ly, the total number of avail-
bl (all) d verh d REs withi the ti e i ter al  t. Superscript  t
is o superfluous since i ill assist us in mo eli g a variety of situ tion
wit an u ifi d f rmali . As ll be odeled this p per, s me overhead
compone ts appe r only once per frame w ile othe are repeated every TTI.
To p oceed fur her with LTE capacity estimatio it is conve ient to con-
sider that not all he bit a e used to transpor ser dat but also to d tect
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FrOFDMA-basednetwork,suchasLE,theavailablemodlscane
seeintwoajorcatgories.Thepwer-controlbasdmodelstuythe
combinationofthesystemconfigurtiandthesrvicareasafuctionof
SINRdisribution[14].Therate-controlbaedodelsfocusncobi-
nationoftesystemcnfiguationndthda-raeprovisonasafution
oftheloadditribtion[15].Teperfrmacmodlitheheoptimizd
slutiontoprvidetheandeddt-raeithtagetarea,belowthbt
atchingsystnfigrtin.
Coidingtherequiementoftherat(lod)basedmodlohavean
accurateeasuefreaccell’capacity,inthiswrkweresentamthmt-
ialmthdolgytcalculaeedta-rteprovisionfrmulti-usercenaris
freaccllwihflexbleystemconfigurtioparaeters.
3ProblmSttmt
Asmntie,thpupofthisorkisproposeaeoologyand
lgorithtaccurelyetimatetheDLthrughputorcapacity(C[bit/s])
ofLEsysmsinreaisisceariosthtcosdershedgradationthatthe
di↵erentovehedmechaismrodue.
Intuiively,userthroughputicreaseswiththnuerofusefulREdu-
ingagiventiirvalofintrest.Thitimeinterval tcaneeithe1
TIr1fra,dependngnthproblemthand(nuberofsrs,file
zetobedowloadbyanyser,etc.).Intispaperwwilllabelthetoal
nmbrofuefulREs(thai,toefosrdta)duringtimeitervl 
bysingtnoatio:
Overheadperage
witrspectttavailableREs
,BW(MHz)
 O
TTI
RE,T
(%=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
ndO
 t
RE,T
represnt,respetively,ttotlumberfavail-
abl(ll)ndorheadREswithintetimeinerval t.Surscript t
isosupefluusinceitwillassistuimodelngavatyofsitutin
withanunifiedfrmalism.Aswillbemdledinthispper,someoverhead
cmpontsapearolynprfmwhileothersarerpeateveryTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
eenintwomjrcategories.Thepower-controlbasedmodelsstudyth
combnationofthesystemcofigurationadhsrvicaeaasafuctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
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accratemerforeaccell’scapacity,inthsworkwepresentamathmat-
iclmthoologytocalculatethedata-rateprovisionformli-userscenarios
foreachcllwithflexiblsystemconfigurationparameters.
3.ProblemStatmet
Asmentioed,thepurposeofhisworkitprposeamethodologyd
algrimsoaccuratelyesiatethDLthrughputrcpacity(C[bit/s])
ofLEsystemsinrelsicscenarisatconsidersthedegrdationtatthe
di↵enveheadmechanismsprduce.
Intuitively,urtrughputincreaseswiththenumberofusefulEdur-
iggivntimeinervalfinterest.Thistmeinterval tcanbeithr1
TTIr1frame,dpedigntepblemthnd(nberofusers,file
sizetobedownladbyanyu,c.).Inthispprwewilllabelthetotl
numberofusefulREs(thais,thoeforuserdaa)durigatimeintrvl t
byusigthenotion:
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whereA
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reprsnt,respectivelythetotaluberofavail-
abl(ll)andoverheadREswithinthetiminterval t.Superscript t
isosuperfluussiciillasssusimodelingavieyofsituation
witanuifiedfrmalis.Asillbeodldinthispaper,omeoverhad
cmpoensppearonlonceerframewhileothersarrpeaedeveryTTI.
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!!!!!!!!!!!!!!!!!S i a
OFDMA-ba ne work, uch as LTE, the available models can be
s in w j r cat g ri s. The power-control based models study the
co b n i f th sys m c figu atio and the service area as a function of
SINR s ributio [14]. Th ra -con rol b sed dels focus o he combi-
i n f th sy tem onfiguration nd th data-rat provision as a function
of h l distrib [15]. The p rf r a ce mo el is h n the op i iz d
s lut on to pr vid t a ed d -rate in the t rg rea, l w the bes
m chi g sy configur ion.
Co ider ng the req i e e of the rate (l ad) bas mod l to have n
ccur te mea ure for ach cell’ c pacity, in this w k we r se t athem t-
ic l m t olog to c l la h dat - e provisi n f r multi-user scenarios
for e ch c ll wi h fl xibl sy t m config ration parame rs.
3. Probl S e en
As n io , the pu se f his o k is o p e a me dology and
l or ms to ccur ely s imate h DL throughput or capacity (C [bit/s])
of L syst s i r ali ic cenar s that consid rs th d gr d i tha the
i↵ r n verh d mec is s produce
In uitively, u r th ghput incr a es w th th umber of useful RE dur-
i g ive ime inte v l of inter st. This tim interval  t can e either 1
TTI r 1 fr , dep nding on th probl m at and (number of us rs, file
size to ownlo by a y us r, etc.). I this pape w will lab l the total
b of ful E ( hat is, ho e fo user data) during ti e interval  t
b using not tion:
 OF a eRE, T = O
Fram
RE, T
AFrameRE, T
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
wh A tRE, T and O tRE, T epresent, respe tively, the total number of avail-
abl (all) a d ov r e d RE within the i e i terval  t. Superscript  t
i superflu us ince it will assist n model ng a vari y of situation
i h un fi d formalis . As will be model i this p per, some o erhead
c mp n nts pp ar only onc per frame while othe s are rep ated every TTI.
T proceed furt r with LTE capacity estimation it is convenient to con-
ider tha n t all the bit are used t transport user data but also to detect
er or (for in nce, Cyclic Redunda cy Check (CRC) bits). The user data
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s in t o jor ca gori s. T power- ontrol based dels study th
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SINR is rib i [14]. T e rate-contr l b sed odels focus on the combi-
atio f he y em c nfiguratio a d the d t -rate provision as fu ction
f t lo d dis ributio [15]. e p f r mod is the th optimize
ol tio to provid t e deman d d a-rate in the t rg t a ea, b low the best
matc in sys em fig r tio .
Co i eri g h q ir m n of e ate (lo ) b sed o el to have an
acc r a r fo e ch ell’ c p ci y, n t is w k we prese a mat emat-
ic l o to c cul t t d t -r te provision for multi-us r sc arios
f r eac ce l wi fl xible s t m configu tion parame r .
3. Problem Stat nt
A nti e , the purpos f t i work i to pr po e m h dology and
l rit to ccu at ly estim e the DL thro g t o capa ity (C [bit/s])
of TE em realistic scen ri s tha onsid rs he degradation that t e
↵ re overh a e h isms prod ce.
I t iti ely, u er th ough ut incr s s with th umber of u ef l RE ur-
i g giv i e nter l f i erest. T is m interval  t can b i her 1
TTI or 1 f ame, dep nding the problem at hand (number of u rs, fil
ize to be ownlo by any use , e c.). I t is aper w will lab l the to al
b r o u ful REs (tha is, th se f us r a) du ing a time interval  t
by u g nota io :
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A t ,  O tRE, T, (1)
h A tRE, T and O tRE, T repr en , r sp ctively, he total number of avail-
able (all) a d ov rh REs wi hin h time in erval  t. Superscript  t
i ot s p rfluou sinc it will ssist us i modeling a variety of situation
with an unifi formalism. As will be modeled in his paper, some overhead
c mpon nt appear o ly once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all th bits are used to transport user data but also to detect
er rs (for instanc , Cyclic Redundancy C eck (CRC) bits). The user data
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F r OFDMA-bas d tw rk, such as LTE, the vailable models an be
e i two ajor ca gori . The wer- ontrol based mod ls s u y he
c mbin ti n f the syst c nfigu tion nd the s rvice ar a a a function of
SINR d tribut on [14]. T r te-c rol based model f cus o th combi-
n tion of t e sys em c nfigura on nd he dat -rat pr vision as a function
of the l ad dist ibutio [15]. T e p form nce d l is t en he op imized
solu ion to provi the de a d d ta- e in th t g t r a, b low the b st
ma ing syste configurati n.
Co sid ri g t e require en of the rate (load) b s d model to have an
ccu a e m a ur for each c ll’s pa i y, in this work we present a mathema -
ic l ethodology o alc late the a-rate p ovisio for multi-user sce arios
f r ach c ll with fl xibl system configur o paramet rs.
3. P ob e St t ment
As m ntioned, the purpose of this work is to propose a methodology and
alg rithm o accurat ly stimate the DL thro ghput or c pacity (C [ it/s])
f LTE sys ems in alistic scenario that considers the d gradation th t the
di↵e ent overh a mech nis s produce.
Intui ively, u r t roughput inc e es wi h he num er of us f l RE d r-
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iz o be ow l ad by y us r, etc.). In this paper w will l bel th total
number of useful REs ( hat is, those for ser data) duri g a time interval  t
by us ng th notatio :
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, (1)
w ere A tRE, T and O RE, T represent, pectively, the total number of avail-
ble (all) d verhead REs within the time i t rval  t. Sup rscript  t
is not superfluous since it will assist us in m deling a variety of situation
w th an unified formalism. As will be odeled in this p per, some overhead
compon nts appear only once per frame w ile others are repea d every TTI.
To proce d rth ith LTE c pacity stima ion it is convenient to con-
sid r that not all the bi s are used to transport user data but also to detect
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ForOFDMA-basenetwork,suchasLTE,heavailblemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfiurationandtheserviceareasafuctionof
SINRdistribution[14].Therate-crolbasedmodelsfocusonthecobi-
nationofthesystemconfigurationandthedta-rteprovisionasfunction
oftheloaddistribution[15].Theperformanceodelisthentheoptimized
solutiontoprovidethedemandedaa-aeihetargtae,blowthebest
matchingsystemconfiguration.
Considringherequirementftherte(lad)basedmodltohavn
accuratemeasureforeachcell’scapacity,intisworkwepresentaathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-usrcnris
foreaccellwithflexiblesystmofiguationparameters.
3.ProblemStatemet
Amentioned,thepuposeofthiswrkistpropseamehlogyand
algorithmstoaccurelyestimatheDLthroughptocapacity(C[bit/])
ofLTEsystemsinrealisticscenariostaconsiersthedgrdatioht
di↵erentoverhadechaimpduc.
Ituitivly,userthroghputincrasesitthemberofusfulREur-
ngagivntimeintevalofinterest.Thisiinerval tcanbeether1
TTIr1frae,epedingonthpoblemahnd(numberfusers,file
sizobownloadbyayuser,ec.).Inthipaperwewilllabeletotal
numberfusefulREs(thtis,tosforuserdat)durnaimeintrvl t
bysingthention:
Overheadercentg
withresectthavaiableREs
,BW(MHz)
 O
TI
RE,T
(%)=
O
Frame
RE,T
A
Frme
RE,T
⇥100
U
 t
R,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
rpresnt,resectively,tettalnumbrofavail-
abl(ll)ndrhadRswithinhetimintrval t.uperscrip t
isotsuprfluoussinceitwllssistuinodelngavrietyfsituaion
withaunifiedforalis.Ailleoeledinthispa,someovrhead
compontsperolyocepefamewhileothesaerepeatderyTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandthserviceareaasfunctionof
SINRdistribution[14].Therate-controlbasedodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancmodelisthentheoptiized
solutiontoprovidethedmandeddata-rateithetrgetarea,belowthebest
atchingsystemconfiguration.
Consideringtherequirementofherate(loa)basedmodeltohavan
accuratemasurfreachcell’scapacity,ithisworkwepresenmheat-
iclmethodologytocalulatehedata-rateprovisionformlti-userscenarios
forachcellwithflexiblesytemconfigurationparamter.
3.ProblemSatemet
Asmentiond,hepurposofthisworkistoprposaethodologynd
algorithmstoccuratelyestiatetheDLtroughputorcapacity(C[bit/s])
fLTEsystemsinralisticscnaristhatcosidersthedgradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputncreaseswiththenuberofusefulREdur-
inagivetimeintervalofinterest.Thistimeinterval tcanbeither1
TTIor1fame,dependingontheproblemathand(numberofusers,fie
sizetobedonloadbyanyuser,ec.).Inthispaperwewilllabelthetotal
numerofusefulREs(thatis,thoseforuserdata)driatimitervl t
byusingthenottin:
Oerheadpercetage
(withrespectttheavailableREs)
,BWMHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
wreA
 t
RE,T
adO
 t
RE,T
represt,respectivly,thetoalnuberofavail-
able(ll)andveraREswtinthetmeinteval t.Supercrit t
isnotsuperfloussicitillasistusielngavarietyfsituion
withauifiedformals.Awillbemodeldinthispaper,sooverhead
coponenapearonyonceprfraewhilothersarerepeatedveryTTI.
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Figure 5: Ov rhead perc ntage (%), ith re c t A tRE, T, as a functio of BW. Squared
symbols r presents OFr mRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhe d on DCI length LDCI
As a functio of BW...
6.3. Influence of Ng “PHICH Group Scaling Fac or”
As a functio of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
vailable resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accur te
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I fl e e h c o n a fu ctio of BW
For 1.4 is 31%. RS is 9 %...
Fo 20 Hz is 16 . RS i 46%. .
10#
15#
20#
25#
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1,4# 3# 5# 10# 15# 20#
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For OFDMA-b d netw k, such as LTE, th available models ca be
in tw major cat g ries. The power-contr l base mod ls st dy the
co bin t o of th yste confi urati nd the serv c area as a func i n f
SINR is ribution [14]. Th ra e-c trol bas d odels focus on h c mbi-
na io f he sy em c nfig rati nd the da a-r t rovision as a function
of th l tr b ti n [15]. The perf ma c mod l is h n the op i iz d
olut on prov d e d ta- a e in the t rget area, below the best
ching sys m configura i .
Co i g th r quir m of t e rate (l d) base mo el o have n
ccur t s re f r e ch cell’ capacity, in this wo k we r sen a ma hemat-
ic l m th ology o lculate t data-ra provisi n for multi-user scen rios
f r h ll wit fl xibl syst m configu at on parameters.
3. Probl S e ent
A io ed, th pu pos of t is w rk is o p pose a methodology and
l o ith s to accurat y es i at the DL hroughp t or cap city (C [bit/s])
o L y t s in reali tic sc n ri s that consid rs degrad i n tha the
di↵ ren overh d echanis s pr duc .
I t i ivel , s thr ughput inc e s s with the numbe of useful RE ur-
g a given ti t val f i rest. Thi time i erval  t ca e eithe
T I r 1 fr ep n i o the pr bl m at and (number of us rs, file
s ze t b wnl by a y us r, tc.). I this ap r w wil l bel the total
numb of useful s (th t is, se for user data) duri g ti e interval  t
b usi th o ati :
 OFraRE, T( = O
Frame
RE, T
AF ameRE, T
⇥ 100
U tE, T = A RE, T  O tRE, T, (1)
where A tRE, T a O tRE, T r pr s nt, respectiv ly, th tot l number of avail-
ble (all) n overhead REs within th ti e interval  t. Sup rscript  t
i no superflu us since it will as t u in modeling a variety of situa ion
th a u ifi fo alis . As will be mo ele in his paper, ome ov he d
c mp nen s ppear only once per frame while oth rs re r peated every TTI.
To pr ce fur her wit LTE capaci y estimation it is c nvenient to con-
sid r t a n t ll he bits are used to transport user data but also to detect
r r (for stance, yclic Redunda cy Check (CRC) bits). The user data
5
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For FDMA-based netw k, uch s LTE, t available models c n b
e in t o aj c go i s. Th p we - o rol bas d m l study t e
c bin ti n of the syst m onfi ur tion d the s rvic a as a functi n f
SIN di tribu ion [14]. T e r -control based odel focus on h com i-
n ti f he sy tem c figu ati n nd he da -r te pr vision a functi n
of lo distribut on [15]. T e perfor nc mo l is the pt mized
s lu io provide e dema d d ta-r te in the arg r below he b st
tc i g ys e nfig ration.
C si ri g h r quir men e r te (loa ) based odel to have an
u at e sur f e ch ell’ c p city, in this w rk we pres t a mathemat-
i l tho logy o alc lat the d a- at provision for multi us scenarios
r ll ith fle bl sy t m c nfigurati n p r meters.
3. P obl S a ment
en io , e purpose f t i wo k is to p e e h dology and
al o ithm o acc y estim the DL thr g put or capacity (C [bit/s])
of LTE y e s n realis ic scen rios t at c nsid rs the degr ati n that the
↵ r ov ead mec a isms pro u e.
Intuit vely, us r throughpu i creases with t umber of usef l RE dur-
g a iv e in rval f i terest. This tim interval  t can be either 1
TTI or 1 fr me, dep nd g on th probl m h nd (number of u er , file
ize t be ownlo d b a y us r, etc.). In this pape we wi l label the total
umber us f l RE (t is, s f us r data) during a time int val  t
by using t n a i n:
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tE, T = A tRE, T  O tRE, T, (1)
here A tRE, T and O tRE, T repre ent, re p ctively, he total number of avail-
able (all) nd ov rh ad REs withi he time in erval  t. Superscript  t
is o superfluous sinc it will assist us in modeling a variety of situation
wit a un fie form lism. As will b modeled in this paper, some overhead
c mponents appear only once per frame while others re epeated every T I.
To proce further with LTE c paci y estimation it is convenient to con-
sider that not all the bit are used to transport user data but also to detect
errors (for st nce, Cyclic Redundancy C ck (CRC) bits). The user data
5
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r OFDMA-b s d ne work, uch as L E, the av ilable m dels can be
e i w maj cat gori s. Th ow r-control bas od ls study h
mbi ati n f t e system c nfigura io and t s rvic area as a func ion of
SINR istrib ti n [14]. Th r te-co tr l bas d mod s focus on the combi-
na on of th sys m config ration a d a a- t pr vi ion as a function
of h ad st ib tio [15]. T perf mance del is h h optimized
olutio r vid the m ed d ta- ate n he rget area, bel w the best
m tchi g sys m configuration.
C nsi eri g the r quir ent f th rate (load) based model t hav an
accurat m asur for e c ll’s capacity, n this work w present a m the at-
i al et o ol gy to ca c la e the dat -rate pro ision for multi-user scenarios
f e ch c ll wit fl xible syst m configur t para eters.
3. P oble St men
As men ioned, the u p se of this w rk o propos a me ho ol gy and
alg ithms o accurat l s ima e the DL throu hput or c pacity (C [ it/s])
f LTE systems in realistic sce arios that consi rs the d grad tio th t the
↵ t overh ad mechanis s produ .
Intui ively, us r thr ughp t inc e es wi h the um er of us f l RE dur-
in a given tim int v l of int r st. This ime interval  t can b either 1
TTI r 1 fr me, d pendi g on the robl m at hand (nu b r of us rs, file
size to be ow lo d by ny us r, t .). In this paper we will l bel th total
number f useful REs (that is, th se for ser data) duri g a time interval  t
by us ng t e notat on:
Bandwidt , BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tR , T, (1)
w ere A tRE, T nd O tRE, T represent, re pectively, the to al umber of avail-
ble (all) d overhea REs within the time i t rval  t. Superscript  t
is not s perflu us since it will assist us in modeling a variety of situation
wi h an unifi formalism. As will b odeled in this p per, some verhead
components app ar only once per frame while oth s are repeated every TTI.
T roceed further with LTE capacity es imation it is convenien to con-
si er t at not all th bi s are used to transport user data but also to detect
5
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesysteconfiurationandtheerviaraasafuncionof
SINRdistribution[14].Therate-controbasedmodelsfocusonthebi-
nationofthesystemconfiguratioandthedta-raterovisionasafunction
oftheloaddistibution[15].Theperformancemodelisthentheopimize
solutiontoprovidethedemandeddat-ateinthetagtaea,belowthebest
matchingystemconfiguration.
Consideringtherequirementofthate(load)basedmodelohavean
accuratemeasurefachcell’scapacit,inthisworkweprsentamathmat-
icalmethodologytoclculatethedata-rprovisionfomult-usescenarios
foreachcllwithflexiblesystemcofiguationparaeter.
3.ProblemSatemet
Asmntioned,theurposeofthisworkistoproposamethodogyand
algorithmstoaccrelyestimatheDLthroughputorcapacity(C[bit/s])
ofLTEsysteminrealisticscenariostatconsiderstdegrdationththe
di↵erntoverheadechanimspoduc.
Ituitivly,uethrughputincraseswithtenumberofusefulREdur-
ingagiventimeitervalofinterest.Thistiminterval tanbeither1
TTIor1frae,dpedigotheproblemthand(numerofusers,file
sizbeownloadbyayuser,ec.).Inhispperwewilllabelthettal
umbrfusefulREs(thtis,thosfuserdat)duinaimeintrval t
byusingthenotation:
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copontsapearlyoceprframewhiltherarerepeatdeveyTI.
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Fi ur 5: Ov rh d ercentage (%), th res ec to  tRE, T, as fu ct o of BW. Squared
sy bols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) =
Fram
RE, T
AFrame, T
⇥ 100
6.2. S nsitivity of overhead on DCI l ngth LDCI
As a function of BW...
6.3. Influ nce of Ng “PHICH Group Scali g F ctor”
As a f nction of BW...
6.4. Scena io 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
vailable resources are as igned o a ingle UE which is in the best reception
conditions, the highest data-rate provision ca be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum ervice pr vision capabilities of LTE, for max
data-rate calculati , the f llowing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Overhead percentage (%), with re p ct to A tRE, T, as a function of BW. Squared
symb s repres t  OFr eRE, T( I, ). OTTITOTAL =  O TIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensitivity f overh ad o DCI length LDCI
A a function f BW...
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Figure 9: Over ad co onents per ntage  OTTIcomp i(%) with spect o OTTITO AL, as a
functio of BW (MHz). T inset defi es the symbols us d for any compo nt.
Sp cific lly, Figure 9, whic s ows the perce tage of each component over
the total ov rhead OTTITOT (usin the met ic defin d in (44)), reveal that OTTIRS
plays t e k y role since is much higher tha all the other components in all
the sc lable LTE bandwidths. Note th t, s BW i creases, OTTIRS increases,
while the others reduce. For BW = 20MHz this element i as large as
OTTIRS = 91%. Furthermore, OTTIRS + O TIPDCCH ranges between 84% and 97%.
Fig r 10, computed at fram scale, exhibits same trends.
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Figure 9: Overhead components perce tage  OTTIcomp i(%) with respect to OTTITOTAL, as a
functi n of BW (MHz). Th in et defin s th symbol use for any component.
S ecifically, Figure 9, hich shows the percentage of each component over
t tot l overhead OTTITOT (using the metric defined in (44)), reveals that OTTIRS
plays the key rol since is much higher than all the other components in all
he scalable LTE bandwidth . Note tha , as BW increases, OTTIRS increases,
while the others reduce. For BW = 20MHz, this element is as large as
OTTIRS = 91%. Furthermore, OTTIRS + OTTIPDCCH ranges between 84% and 97%.
F gur 10, co put d at frame scale, exhibits the same trends.
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rame
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Figure 3.8: (a) P centage of each overh ad co ponent  OTTIcomp i(%) wi h respec to
he t tal verhead at TTI scale OTTITOTAL, s f ction f BW (MHz). ( ) Percentage
of eac ov r ad component  Oframecomp i(%) wi h respect to the total over ead at frame
scale OframeTOTAL, as a func ion of BW (MHz). The ins t defines the symbols used for
any component.
Spec fically, Figur 3.8 ( ), whic shows the percenta e of each compon nt over
the total overhead OTTITOT (using the metric defi ed in (3.44)), reveals th t OTTIRS plays
the key role since is muc igher than all the other components in all the scalable
LTE bandwidths. Furthermore, note that, as BW increases, OTTIRS increases, while
the ot ers reduce. F r BW = 20MHz, this eleme t is as large as  OTTIRS = 91%.
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Furthermore,  OTTIRS + OTTIPDCCH ranges between 84% and 97% in all the BW range
1.4MHz  BW  20MHz. Figure 3.8 (b), computed at frame scale, exhibits the
same trends, although the relative contributions of OframeRS and OframePDCCH are slightly
smaller. Regarding this, note that: 1) for BW = 20MHz,  OframeRS = 89.23%; 2)
 OframeRS + OframePDCCH ranges between 68.66% and 94.58% 8 BW 2 [1.4MHz, 20MHz].
This is because, at frame scale, there are overhead components (OframeSCH and OframePBCH)
that do not appear in a generic TTI, reducing thus the relative contribution of OframeRS
and OframePDCCH, which, in any case, are clearly the dominant contributions to the total
overhead.
Finally, the absolute, total overheads (OframeTOT and OTTITOT) using the aforemen-
tioned detailed model lead to the peak data rates or throughputs represented in
Figure 3.9 (a), where red columns represent the throughput computed during 1
TTI, T TTITOT, while blue columns represent the throughput computed during 1 frame,
T frameTOT . For comparative purposes, we have also included two results that usually
appears in throughput estimations: 403.2 Mbps (the ideal limit when ECR = 1 and
no overhead is used) and 326.4 Mbps (found in Table 13-1 in the Technical Specifica-
tion 3GPP TR 25.912 [166], which do really introduce overhead but still maintains
ECR = 1). Our limiting case T TTITOT = 313.6 Mbps is lower although more realistic
because it assumes ECR < 1 and takes into account all overhead components. In
this respect, focusing on our results, at first sight, in absolute terms (Mbps), T TTITOT
and T frameTOT reach similar results, and one could think that T TTITOT and T frameTOT are in-
terchangeable within all the LTE BW. However, to find out to what extent T TTITOT
and T frameTOT are “similar”, it is convenient to compute some relative metric, which
provides a more accurate insight.
This is why we use the relative error
"TTOT(%) =
T TTITOT   T frameTOT
T TTITOT
· 100, (3.46)
which is the relative error made when computing the throughput at TTI level instead
of at frame level. It has been represented in Figure 3.9 (b) as a function of BW
(MHz). Note that at BW = 5 MHz, this error is as small as "TTOT = 1.57%. And
even more interesting, in those scalable bandwidths for which LTE exhibits the
highest data rates (BW = 10, 15, 20 MHz), the relative error is  TTOT < 1%. The
practical consequence is that if an accuracy lower than 1% is admitted, there is no
practical di↵erence between computing the overhead either at TTI level or at frame
level : T frameTOT ⇡ T TTITOT = T .
As the rule of thumb, the system has its highest data-rate, when the highest
allowable bandwidth is in-use (BW= 20 MHz), while applying the highest MCS
order and data-rate enhancement techniques (64QAM with MIMO 4⇥4) to a single
user, in order to minimize the overhead. However, the highest MCS and antenna
multiplexing may still be interpreted with di↵erent values of ECR and ⌦, and the
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realoperationconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosethatminimizethe
totaloverheadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizealloverheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
SchedulingtypeDCIformatf
DCI
q⌦CQIN
g
CQIECR
MCS
0(RGBbased)2A(OpenLoop)14151/6150.926
Figure6showsthetotalnumberofoverheadREsrequiredwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofthescalableLTE
BW(MHz).
NoteinFigure6that,inabsoluteterms,theoverheadatframescale
(blue⇤symbols),O
frame
TOT
,ishigherthantheoverheadcomputedatTTIscale,
O
TTI
TOT
(red symbols).AsexpectedbothoverheadsincreaseastheBWto
beusedincreases.However,thisabsolutemeasurecouldbemisleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchinfluence.Thisiswhywedefinethemetric
 O
 t
TOT
(%)=
O
 t
TOT
A
 t
TOT
⇥100,(42)
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realoperationconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosetatminimizethe
totaloveheadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizeallovrheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
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Figure6showsthetotalnumberofoverheadREsrequirdwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofthescalableLTE
BW(MHz).
NotinFigure6that,inabsoluteterms,theverheadatframescale
(blue⇤symbols),O
fram
TOT
,ishigherthantheoverheadcomputedatTTIscale,
O
TTI
TOT
(red sybols).AsexpectedbothoverheadsincreaseastheBWto
beusedincreases.However,thisabsolutemesurecouldbemisleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchinfluence.Thisiswhywedefinethemetric
 O
 t
TOT
(%)=
O
 t
TOT
A
 t
TOT
⇥100,(42)
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realoperaionconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosetatminimizethe
totalovereadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizeallovrheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
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Figure6showsthetotalnumberfoverheadREsrequirdwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofhecalableLTE
BW(MHz).
NotinFigure6that,inasoluteterms,verheadatframescale
(blue⇤symbols),O
fram
TOT
,higherthantheoverhadomputdatTTIscale,
O
TTI
TOT
(red sybols).AsexpecedbothoverheadsincreaseashBWo
beusedincreases.However,thisabslutemesuecouldbemsleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchinfluence.Thisiswhywedefinethemetric
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TOT
(%)=
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A
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⇥100,(42)
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97% in all the BW range 1.4MHz  BW  20MHz. Figure 7 (b), computed
at frame scale, exhibits the same trends, although the relative contributions
of OframeRS and OframePDCCH are slightly smaller. Regarding this, note that: 1) for
BW = 20MHz, OframeRS = 89.23%; 2) OframeRS +OframePDCCH ranges between 68.66%
and 94.58% 8 BW 2 [1.4MHz, 20MHz]. This is because, at frame scale, there
are overhead components (OframeSCH and OframePBCH) that do not appear in a generic
TTI, reducing thus the relative contribution of OframeRS and OframePDCCH, which,
in any case, are clearly the dominant contributions to the total overhead.
Finally, the absolute, total overheads (OframeTOT and OTTITOT) using the afore-
mentioned detailed model lead to the peak data rates or throughputs repre-
sented in Figure 8 (a), where red columns represent the throughput computed
during 1 TTI, T TTITOT, while blue columns represent the throughput computed
during 1 frame, T frameTOT . For comparative purposes, we have also included
two results that usually appears in throughput estimations: 403.2 Mbps (the
ideal limit when ECR = 1 and no overhead is used) and 326.4 Mbps (found
in Table 13-1 in the Technical Specification 3GPP TR 25.912 [68], which
do really introduce overhead but still maintains ECR = 1). Our limiting
case OTTITOT = 313.6 Mbps is lower although more realistic because it assumes
ECR < 1 and takes into account all overhead components. In this respect,
focusing on our results, at first sight, in absolute terms (Mbps), T TTITOT and
T frameTOT reach similar results, and one could think that T TTITOT and T frameTOT are
interchangeable within all the LTE BW. However, to find out to what ex-
tent T TTITOT and T frameTOT are “similar”, it is convenient to compute some relative
metric, which provides a more accurate insight.
This is why we use the relative error
"TTOT(%) =
T TTITOT   T frameTOT
T TTITOT
· 100, (46)
which is the relative error made when computing the throughput at TTI level
instead of at frame level. It has been represented in Figure 8 (b) as a function
of BW (MHz). Note that at BW = 5 MHz, this error is as small as "TTOT =
1.57%. And even more interesting, in those scalable bandwidths for which
LTE exhibits the highest data rates (BW = 10, 15, 20 MHz), the relative
error is  TTOT < 1%. The practical consequence is that if an accuracy lower
than 1% is admitted, there is no practical di↵erence between computing the
overhead either at TTI level or at frame level.
To conclude this study case we would like to emphasize that this is the
best one in the sense that minimizes the total overhead (optimum parameters
35
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realoperationconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosethatminimizethe
totaloverheadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizealloverheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
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Figure6showsthetotalnumberofoverheadREsrequiredwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofthescalableLTE
BW(MHz).
NoteinFigure6that,inabsoluteterms,theoverheadatframescale
(blue⇤symbols),O
frame
TOT
,ishigherthantheoverheadcomputedatTTIscale,
O
TTI
TOT
(red symbols).AsexpectedbothoverheadsincreaseastheBWto
beusedincreases.However,thisabsolutemeasurecouldbemisleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustatingsuchinfluence.Thisishywedefinethemetric
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⇥100,(42)
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casethatwillbdescribedinSubsection9.1.Thisbstcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
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Figure6showthetotlnumbrofoverhdREsrequiredwithinatime
interval t,O
 t
TOT
,eithr1TTIor1frame,asafunctionofthscalableLTE
BW(MHz).
NoteinFigure6that,inabsoluteterms,theoverheadatframescale
(blue⇤symbols),O
frme
TOT
,ishigherthantheoverheadcomputedatTTIscale,
O
TTI
TOT
(red symbols).AsexpectedbothoverheadsincreaseastheBWto
beusedincreases.However,thisabsolutemeasurecouldbemisleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailabeREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
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Figure6:TotaloverheadO
 t
TOT
(RE)asafunctionofBW(MHz).Blue⇤-symbols
representO
frame
TOT
,whilered -symbolsshowtheoverheadatTTIscale,O
TTI
TOT
.
toprovidesomemathematicalinsightaboutthetotalnumberofoverhead
REs,O
 t
TOT
,whencomparedtoallavailableREs,A
 t
TOT
,and,asaconse-
quence,onitsinfluenceonthetotalcapacityviaExpression(37).
Justinthisregard,Figure7showsthemetric O
 t
TOT
(%)asafunction
ofthechannelbandwidth,BW(MHz),andparametrizedbytheintervaltime
duringwhichtheoverheadiscompute, t.Bluesquaresymbols(⇤)repre-
sent O
frame
TOT
,whileredcircularsymbols( )represent O
TTI
TOT
.Theblack
linewithblackdiamondsymbols(⇤)sbeenintroducedforcomparative
purposes.Thisisbecauseanoverheadof25%ofthettalREsisusually
utilized[REF]REVISARtostimatehowmnyREsrerequiredforcontrol
andsignaling.
ContrarytowhatFigure6suggests,Figure7revealsthat:
1.TherelativeinfluenceofoverheadreducesasBWincreases.Notethat
forthemaximumbandwidthvalue,BW=20MHz(thebandwidthfor
whichLTEisabletoreachismaximumbitdatrates),bothcomputed
overhead, O
frame
TOT
nd O
TTI
TOT
tendtoanupperbundoverhead⇡
15.9%.
2.While,forBW=1.4MHz, O
frame
TOT
=31.1%isconsiderablehigherthan
 O
TTI
TOT
=25.4%,however,asBWincreasestheirrespctivevaluestnd
tobecomeclosersothat,forthemaxiumBWvalue(BW=20MHz),
 O
frame
TOT
⇡15.9%and O
TTI
TOT
⇡15.8%.
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interval t,O
 t
TOT
,eithr1TTIor1frame,asafunctionofthscalablLTE
BW(MHz).
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Figure6:TotaloverheadO
 t
TOT
(RE)asafunctionofBW(MHz).Blue⇤-symbols
rpresentO
frame
TOT
,whilered -symbolsshowtheoverheadatTTIscale,O
TTI
TOT
.
toprovidesomemathematicalinsightaboutthetotalnumberofoverhead
REs,O
 t
TOT
,whencomparedtoallavailableREs,
 t
TOT
,and,asaconse-
quence,onitsinfluenceonthetotalcapacityviaExpression(37).
Justinthisregard,Figure7showsthemetric O
 t
TOT
(%)asafunction
ofthechannelbandwidth,BW(MHz),andparametrizedbytheintervaltime
duringwhichtheoverheadiscompute, t.Bluesquaresymbols(⇤)repre-
sent O
frame
TOT
,whileredcircularsymbols( )represent O
TTI
TOT
.Theblack
linewithblackdiamondsymbol(⇤)hasbeenintroducedforcomparative
purposes.Thisisbecauseanoverheadof25%ofthetotalREsisusually
utilized[REF]REVISARtoestiatehowmanyREsarerequiredforcontrol
andsignaling.
ContrarytowhatFigure6suggests,Figure7revealsthat:
1.TherelativeinfluenceofoverheadreducesasBWincreases.Notethat
forthemaximumbandwidthvalue,BW=20MHz(thebandwidhfor
whichLTEisabletoreachismaximumbitdatarates),bothcomputed
overhead, O
frame
TOT
and O
TTI
TOT
tendtoanupperboundovhead⇡
15.9%.
2.While,forBW=1.4MHz, O
frame
TOT
=31.1%isconsiderablehigherthan
 O
TTI
TOT
=25.4%,however,asBWincreasestheirrespectivevaluestend
tobecomeclosersothat,forthemaximumBWvalue(BW=20MHz),
 O
frame
TOT
⇡15.9%and O
TTI
TOT
⇡15.8%.
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Figure7: O
 t
TOT
(%)asafunctionofthebandwidthBW(MHz).Bluesquaresymbols
(⇤)represent O
frame
TOT
,whileredcircularsymbols( )represent O
TTI
TOT
.Blackdiamond
symbols(⌃)representandusualapproximationthatassumesthatoverheadis14.3%of
thetotalresources[14].
3.The25%-approximationisnotagoodapproach.ForthoseBWvalues
forwhichLTEsurpasstheircompetitor,BW=10,15,20MHz,the
25%-approximationoverestimatesboth O
frame
TOT
and O
TTI
TOT
.
Theabsolute,totaloverheads(O
frame
TOT
andO
TTI
TOT
)usingthaforemen-
tioneddetailedmodelleadtothepeakdatarates(throughputorcapaciy)
reprsentedinFigure8(a),whereredcolumnsrepresentthethroughput
computedduring1TTI,T
TTI
TOT
,whilebluecolumnsrepresentthethroughput
computeddurig1frame,T
frame
TOT
.Afirstsight,inabsoluteterms(Mbps),
bothreachsimilarresults.However,tofindouttowhatextentT
TTI
TOT
and
T
frame
OT
are“similar”,itisconvenienttocomputesoerelativemetric,which
providesamoreaccurateinsight.
Intisrespect,weusetherelativeerror
"
T
TOT
(%)=
T
TTI
TOT
 T
frame
TOT
T
TTI
TOT
·100,(43)
whichistherlativeerrormadewhencomputingthethroughputatTTI
levelinsteadofatframelevel.IthasbeenrepresentedinFigure8(b)asa
functionofBW(MHz).Notethat,inthosescalablebandwidthsforwhich
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Figure 3.9: (a) Data throughput T (Mbps) as a function of BW (MHz) computed
by using the parameter values listed in Table 3.10 and the overhead values shown in
Figure 3.7. Red columns represent the throughput computed during 1 TTI, T TTITOT,
while blue colum s re resent the throughput computed during 1 frame, T frameTOT . (b)
Relative error in throughput estimation, "TTOT(%) (Expression 3.46), as a function
of BW (MHz).
overhead co siderations, such as overhead signals included in the calculation and
data allocation period ( t) will still result in di↵erent maximum data-rate for the
system. The obtained maximum LTE downlink throughput v lues for above varia-
bles are compared in Table 3.11. These results and relatively high di↵erence between
the obtained data-rates once again highlight the need for an adequate estimation of
the overhead and user demand modeling. This di↵erence in th oughput, varies from
ideal case with no overhead, resulting in 403.2 Mbps, to 326.4 Mbps calculated value
in 3GPP study [166] with ECR = 1 per TTI. T e obtained data-rate will lessen if
the ECR= 0.925 is considered according to highest CQI possibl (CQI = 15) and
the  t for overhead c lculation assumes full overheads in the  t = 1 Frame instead
of 1 TTI. The maximum data-rate drops to the least value of 240.8 Mbps if instead
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of multiplexing factor of ⌦max = 4, the spectral e ciency of ⌦ = 3.2 is considered
for 4⇥ 4 MIMO.
Table 3.11: Comparison of LTE maximum data-rate in DL with highest fixed values
for: bandwidth (BW = 20 MHz); MCS order (64 QAM with Q = 1); deployed
spacial multiplexing (MIMO 4⇥ 4), and variable values for overhead, ECR, ⌦, and
 t.
ECR ⌦  t Overhead Data-rate
(Q=6, 64QAM) (q = 1, 4⇥ 4) (TTI or Frame) (Mbps)
1 ⌦max=4 TTI None 403.2
1 ⌦max=4 TTI ICS = 1OFDMSymbol, ORS 326.4
0.925 ⌦max=4 TTI OTTITOT 314.6
(CQI=15)
0.925 ⌦max=4 Frame OFrameTOT 313.6
(CQI=15)
0.925 ⌦max=4 TTI Full (ICS = 1OFDMSymbol, OTTITOT 302.2
(CQI=15)
0.925 ⌦max=4 Frame Full (ICS = 1OFDMSymbol, OFrameTOT 300.9
(CQI=15)
0.925 ⌦=3.2 Frame Full ((ICS = 1OFDMSymbol, OFrameTOT 240.8
(CQI=15)
To conclude this study case we would like to emphasize that this is the best
one in the sense that minimizes the total overhead (optimum parameters in Table
3.6). However, there are other situations in which it is not possible to use all the
optimum overhead parameters. This increase overhead and reduces the number of
useful resources U tTOT will vary. Thus, the questions arising are to what extent they
change and whether or not they have substantial influences on the throughput from
an operative viewpoint. We begin this research by exploring the influence of Ng.
3.9.2 Exploring the influence of the Hybrid ARQ configu-
ration
As mentioned, the PHICH carries the Hybrid-ARQ acknowledgment in DL (cor-
responding to its previous counterpart uplink data transfers). Its corresponding
overhead OTTIPHICH depends, among others, on the PHICH Group Scaling Factor, Ng.
Figure 3.10 will assist us to quantify the influence of Ng [162], whose possible values
{1/6, 1/2, 1, 2} determine the number of PHICH groups (Table 3.9).
Figure 3.10 (a) shows the throughput T TTITOT (Mbps) as a function of BW (MHz)
parametrized by Ng = 1/6, 1/2, 1, 2, respectively, while Figure 3.10 (b) represents
the relative errors made with respect to the best case (Ng = 1/6):
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluenceoneachcomponentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
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able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotodetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
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Figure5:Overheadpercentage(%),withrespecttoA
 t
RE,T
,asafunctionofBW.Squared
symbolsrepresents O
Frame
RE,T
(%) O
TTI
RE,T
(%).
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥00
6.2.SensitivityofoverheadonDCIlengthL
DCI
AsafunctionofBW...
6.3.InfluenceofN
g
“PHICHGroupScalingFactor”
AsafunctioofBW...
6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
Whenthesystemiscnfiguredwithitshighetparametrsandallthe
availalereourcesareassignedtoasileUEwhihisinthebestreception
condiions,thehighestdata-rateprovisioncanbexpected.Anaccurate
overheadcalculationsthatiscustomizedwiththesystemconfiguration,pro-
videsuswithtexactamountofusefulresourcesthatcanbeassignefor
data-tranmission.
ConsideringthemaximumserviceprovisioncapabilitiesofLTE,formax
data-ratcalculation,tefollowingsystemconfigurationshallbeapplied:
•TehighestBWof20MHz(N
RB
=100andP=4)
•Thehighestspatilmultiplexinglevel,iplying2codewords(q=1),
and4⇥4MIMO(⌦=4).
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isneithercoderate(ECR=1)noroverhead.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheprblemathan(numberofusers,file
sizetobedownladbynyuser,etc.).Inthispaperwewilllalthetotal
numberofusefulREs(thatis,thoseforuserdata)durigatimeinterval t
byusingthenotation:
Bandwidth,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represen,respetivly,theotalumberofavail-
able(all)andoverheaREswithinthetimeinterval t.Supescript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
wanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotodetect
5
Peak%data%rate%(Mbps)
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Figre11:Peakdatarate(Mbps)asafuctionofBW(MHz)computedusingO
frame
TOT
(red⇤symbols)andO
TTI
TOT
(black sybols),respectively.Theideallimtingcase( )
correspondstothecaseinwhichthereisneithercoderate(ECR=1)noroverhead.
Notethatthisstudycasewehavejustillustratedisthebestoneinthe
sensethatminimizesthetotaloverad.Ithasbeencomputedbyusing
thoselistedinTable7.However,depndingonteradiochannelqualityor
theschedulingstrategy,forinstance,thenumberofusefulresourcesU
 t
TOT
willvary.Thequestionarisingisowhaxtntthychangeandwhether
ornottheyhavesubstantialifluencesonthethroughputfroanoperative
viewpoint.WebeginthiresrchbyexploringtheinfluenceofN
g
.
6.2.InfluenceofN
g
onT
TOT
Figure12showsthethroughputasafunctionofBWfortwolimiting
casewihN
g
=1/6andN
g
=2,respectively.Thmaximumerror2.14%.
Tatis,workingwiththecaseiwhichN
g
=2(aworstcasethatmaximizes
itcorrespondingoverhead)nlyreducesthepeakbitratin2.14%when
comprdtothatcomputedwhenusingN
g
=1/6(bestcs).Thisworst
caseleadstoabitrate303Mbps(coptedonthTTIbsis)ad302Mbps
(atframelevel).
Datarate,T
 t
TOT
(Mbps)
***********************************
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6.1.InfluenconachcompoentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemcofigurationandtheserviceareaasfunctionof
SINRdistribution[14].Therate-contrlbasedmodelsfocusnthecobi-
nationofthesystemcofigurationandthedata-rateprovisionafunction
oftheloaddistribution[15].Thepeformancmodelisththoptiized
solutiontoprovidethedemandeddata-rateinthetargtarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirmentoftherate(load)basedmodeltohaea
accuratemeasureforeachcell’scapcity,inthisworkwepresntamathemat-
icalmethodologytocalculatethata-rateprovisionformulti-usrscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkitoprposeamethodologyad
lgorithmstoaccuratelyesimateheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradtionthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofnterest.Thistimeinterval tcabeeither1
TTIor1frame,depedingontheproblemtand(numberofusers,file
siztobedownloadbyanyusr,etc.).Inthispaprwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdat)duringatimeinterval t
byusingthenotation:
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RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithithetimeinterval t.Superscript t
isnotsuperfluoussiceitwillassistusinmodelingavarieyofsituation
withannifiedformalism.Aswillbemodeledinthispaper,somoverhead
componentsappearonlyonceprfrmewhileothersarrepeatedevryTTI.
ToproceedfurtherwithLEapacityestimationitisconeninttocon-
siderthatnotallthebitsaresedtotransportuserdatabutalsotdetect
errors(forinstance,CyclicRedundancyCheck(CC)bits).Theuserdata
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6.4.Scenario1:singleuser.LTEMaxiuDLData-rte
Whenthesystemiscfiguredwithitshigheparametrsandallthe
availableresrcesreassignedtoaileUEwhihisinthbestreceptin
conditions,thehighestdata-rteprovisioncanbeexpected.Anaccurat
overheadcalculationstatiscustomizedwiththesystemconfiguration,pro-
videsuswiththeexactamuntofusfulresourcesthatcanbeassignefor
data-trasmissin.
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•Thehighstspatialmultiplexinglevel,iplyin2codewords(q=1),
and4⇥4MIMO(⌦=).
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringtenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreccurateestimationfcapacityunder
realoperationconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkigunderthercnditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosethatminimizethe
totaloverheadO
 t
TOT
(RE).
Table9:Vluesftheparmersthatmiimizeallovrheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdtails.
ScheduligtypeDCIforatf
DCI
q⌦CQIN
g
CQIECR
MCS
0(GBased)2A(OpeLoop)14151/6150.926
Figure6showthtotnumberofoverheadREsrequiredwithinatime
intervl t,O
 t
TOT
,ithr1TTIor1frm,safunctionofthescalableLTE
BW(MHz).
NoteinFigur6tht,inabsoluteterm,theoverheadatframescale
(blue⇤sybols),O
frame
TOT
,ishigherthatheoverheadcomputedatTTIscale,
O
TTI
TOT
(red smbls).AxpectedbothoverdsincreaseastheBWto
beusedincreass.Howver,thisabsolutemeasurecouldbemisleading.The
rasniat,atheBWincrass,thenumberoftotalavailableREsA
 t
TOT
alsoicreases,andsdoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchnfluence.Thisiswhywedefiethemetric
 O
 t
TOT
(%)=
O
 t
TOT
A
 t
OT
⇥100,(42)
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realoperationconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
theinvolvedparameterslistedinTable9.Thesearethosetatminimizethe
totaloveheadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizeallovrheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
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Figure6showsthetotalnumberofoverheadREsrequirdwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofthescalableLTE
BW(MHz).
NotinFigure6that,inabsoluteterms,theverheadatframescale
(blue⇤symbols),O
fram
TOT
,ishigherthantheoverheadcomputedatTTIscale,
O
TTI
TOT
(red sybols).AsexpectedbothoverheadsincreaseastheBWto
beusedincreases.However,thisabsolutemesurecouldbemisleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchinfluence.Thisiswhywedefinethemetric
 O
 t
TOT
(%)=
O
 t
TOT
A
 t
TOT
⇥100,(42)
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9.Experimentalwork
Westartourexperimentalworkbyconsidering,asareference,the“best”
casethatwillbedescribedinSubsection9.1.Thisbestcasehasbeenob-
tainedbyusingtheproposedmethodologywiththeoptimumparameters
thatminimizethetotaloverhead.Wepresentfirstthiscasetocompareit
toothersinwhichwewillprogressivelyremovetheoptimumparametersby
othersthatshouldbeusedduringthenormaloperationofanLTEnetwork.
Thiswillassistusinprovidingmoreaccurateestimationofcapacityunder
realperaionconditions,andincomputingtowhatextentthisa↵ectsthe
peakdataratewhenworkingunderotherconditions.
9.1.Thereferencebestcase
Itcorrespondstoa4⇥4MIMOconfiguration(n=4)withthevaluesof
thenvolvedparameterslistedinTable9.Thesearethosetatminimizethe
totalovereadO
 t
TOT
(RE).
Table9:Valuesoftheparametersthatminimizeallovrheadelementsusedtosimulate
thereferencestudycase.SeeTable4forfurtherdetails.
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Figure6showsthetotalnumberfoverheadREsrequirdwithinatime
interval t,O
 t
TOT
,either1TTIor1frame,asafunctionofhecalableLTE
BW(MHz).
NotinFigure6that,inasoluteterms,verheadatframescale
(blue⇤symbols),O
fram
TOT
,higherthantheoverhadomputdatTTIscale,
O
TTI
TOT
(red sybols).AsexpecedbothoverheadsincreaseashBWo
beusedincreases.However,thisabslutemesuecouldbemsleading.The
reasonisthat,astheBWincreases,thenumberoftotalavailableREsA
 t
TOT
alsoincreases,andsodoesO
 t
TOT
.Arelativemeasurewillassistusinbetter
illustratingsuchinfluence.Thisiswhywedefinethemetric
 O
 t
TOT
(%)=
O
 
TOT
A
 t
TOT
⇥100,(42)
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Figure 8: ( ) Data rate throughput (Mbps) as a function of BW (MHz) computed by
using the paramete values listed in Table 9 and the overhead values shown in Figure
7. R d columns represent the throughput computed during 1 TTI, T TTITOT, while blue
c lumns represent t e throughput computed during 1 frame, T frameTOT . (b) Relative error in
throughput estimation,  TTOT(%) (Expression 43), as a function of BW (MHz). [43]
LTE exhibits the highest data rates (BW = 10, 15, 20 MHz), the relative
error is  TTOT < 1%.
The practical consequence is that if an accuracy lower than 1% is admit-
ted, there is no practical di↵erence between computing the overhead either at
TTI level or at frame level.
The next question arising is to what extent each overhead component has
an impact on the total overhead, or, in other words, which is the contribution
of each of its components. To quantify their relative weights on the total
overhead (both on OTTITOT and on OframeTOT ), we define
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in Table 6). How ver, depending on the radio channel quality or on the
scheduling strategy, for instance, the number of useful resources U tTOT will
vary. The ques i ns arising are to what extent hey chang and whether or
ot they have substantial influences on the thr ughput from an operative
viewpoint. We begin this research by exploring the influence of Ng.
9.2. Explori g the influ nce of Ng n overhead nd capacity
Figure 10 will assist us to quantify the influence of Ng.
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For OFDMA-based network, such s LTE, the available models can be
seen in two maj r categories. The power-control based models study the
combi ation of the system configuration nd the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurat measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to alculate the data-rate provision for multi-user scenarios
for each c ll with flexible system c nfig ration parameters.
3. Problem Statement
As mentio ed, the purpose of his work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanis s produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T represent, respectively, the total number of avail-
abl (all) and verhead REs within the time int val  t. Sup rscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appe r only once per frame while others are repe ted every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redund ncy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailblemodelscanbe
seenintwomajorcategories.Thepower-contolbsedmodelstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistributin[14].Therate-controlbasedmodelsocusonhecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafuncion
ofteloadistribution[15].Theperformncemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodelohavean
accuratemeasureforeachcell’scapacity,inthisworkwepesentamathemat-
icalmethodologytocalculatethedata-raeprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberfusefulREdur-
ingagiventimeintervlofinterest.Thistimeinterval tcanbeeiter1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,theotalumberofavail-
able(ll)andoerheadREswithintetimeinterval t.Superscript t
isnotsuperfluossinceitwillassistuinmodelngavarityofsituation
withanunifiedformalis.Aswillbemodeledinthipaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a funct on of ...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that i customized with the syst m configur tion, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmissi .
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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For OFDMA-based network, such as LTE, the available models can be
een in two major atego ies. T e power-control based models study the
combination of t e syst m configuration and the service area as a function of
SINR distribution [14]. The rate-cont l based models focus n the co bi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution t provide the demanded data-rate in the target area, below the best
m tching sy configur tion.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, i this work we present a mathemat-
ic l methodology to calcula the data-ra e provision for multi-us r scenarios
for each cell with flexible system configuration parameters.
3. Pr blem State ent
As me tioned, the urpos of this w rk i to propose a methodology and
alg rithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE syst ms in realistic scenarios that considers the degradation that the
di↵erent overhead echanisms prod ce.
Intuitiv ly, user hr ughput i creases with the num r of useful RE dur-
i g a give time interval of in er st. This time interval  t c n be either 1
TTI or 1 frame, depen ing on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by sing the notation:
OFrameRE, T %) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
ble (all) and overhead REs within the time interval  t. Superscript  t
is not s perfluous since it will assist us i m deli g a variety of situation
with an unified formalism. As will be model in this paper, some overhead
components a pear only once per frame while others are repeated every TTI.
T proc ed fu ther with LTE capaci y estima ion it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,teavailablemodelscabe
seenintwomajorcategories.Thepower-controlbasedmodlsstudythe
combinationofthesystemconfigurationandtheservicereaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigrationandthedta-rateprovisinasafunction
oftheloaddistribution[15].Theperformancemodelisthenteoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguratio.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemesureforeachcell’scapacity,inthisworkwepresntaathema-
icalmethoologytocalculatehedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameter.
3.ProblemStatemt
Asmentioned,thepurpseofthisworkistoproposeametodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsprodue.
Intuitively,userthroughputincreasswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thstimeinterval tcabeeiher1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
inotsuperfluoussineitwillassistuinmodelngavarieyfsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileotherarerepeatedeveryTTI.
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Figure 5: Overhead perc ntage (%), with respec to A tRE, T, as a function of BW. Squared
symbols represents  OFr meRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scali g Factor”
As a function f BW...
6.4. Sce ario 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
verhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig re 10: (a) Throughput (Mbps) as a function of BW (MHz) parametrized by Ng =
1/6, 1/2, 1, 2, respe tively. (b) Throughput relative error  Ng (%) defined in Expression 46.
Figure 10 ( ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) parametrized by Ng = 1/6, 1/2, 1, 2, respectively, while Figure 10 (b)
r presents the relative errors made with respect to the best case (Ng = 1/6):
35
in Table 6). However, depending on the radio channel quality or on the
heduling strat gy, for instance, the numb r of useful esourc s U tTOT will
v ry. he questi s arising are to what xtent t ey change and wheth r or
not hey hav substantial influenc s on the throughput from an operativ
vi wpoint. We begin this res arch by exploring he influence of Ng.
9.2. Explori g th influence of Ng on over ad and capacity
Figure 10 will a sist us to quantify the influence of Ng.
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!!!!!!!!!!!!!!!!!Siomina
F r OFDMA-based network, such as LTE, the available models can be
seen in two major categorie . he power-control based models study the
co bination f he system configura i n and t service area as a function of
SINR di tribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and th data-rate provision as a function
of the load distributio [15]. The performance model is then the optimized
solution provide t demanded data-rate n t e target area, below the best
matching system configur tion.
Considering the requirement of the rate (load) based model to have an
accurat measur for each c ll’s capacity, in this w rk we present a mathemat-
ical methodology to lculate the data- ate provision for multi-user scenarios
f r each el with flexible syst m c nfiguration parameters.
3. Problem St emen
As mentioned, the purp se of this work is to propose a methodology and
algorithms to accura ely estimate he DL throughput or capacity (C [bit/s])
of LTE systems in realistic sc nari s t at c ns ders the degradation that the
di↵erent overh ad mechanisms produce.
In uitively, u er h oughput increases with the number of useful RE dur-
i g a give time interval of interes . This im interval  t can be either 1
T I or 1 fr m , epending on he problem at hand (numb of users, file
size to be dow load by any u er, e c.). In this paper we will label the total
number of us ful REs (that , those f r user data) during a time interval  t
by sing the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T r present, respectively, the total number of avail-
able (all) and ov head REs within the time i terval  t. Superscript  t
is n t superfluou sinc it wil assist us in modeling variety of situation
with n u ifi d form li m. As will be o eled in his paper, s me overhead
co p nents appear o y once p r frame while others are repeate every TTI.
o pr ceed furth r with LTE capacity estimation it is convenient to con-
si er tha not all the b ts are used to transport user data but also to detect
errors (for inst nce, Cyclic Redundancy Check (CRC) bits). The user data
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comp nents appear on y onc p r fram while ot ers are repeat every TTI.
T pr ceed fur h r with LTE capacity est mation it is conv nient to con-
s er that not all the bits are u ed to transport user data but also to detect
errors (for inst nce, Cyclic Redundancy Check (CRC) bits). The user data
5
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For OFDMA-based ne wo k, s h as LTE, th availabl models can b
seen in two major categories. The ower-control based mod ls study he
co bination f h system configura ion and the service area as a function of
SINR distribution [14]. Th rate-c ntrol based models focus on the combi-
nation of the system configuration and the data-rate pr vision as a function
of the l ad dis ribution [15]. The perfor ance model is then the optimiz
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Co sideri g the requireme t of the ra e (load) ba ed mo l to h ve a
accurate measure for each cell’s capacity, i this work we pres nt a mathemat-
ical methodology to lculate the data-rate provision for multi-user sc narios
for each cell with flexible system configuration parameters.
3. Problem St teme t
As mentioned, the purpose of this work is to propose a methodology and
algorith to accurat ly e timate the DL thr ughput or pacity (C [ it/s])
of LTE sys ems i ealistic scenario that consid rs the degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, ser throughput increases wi h th number of useful RE dur-
ing a given time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on e problem at hand ( umber of use s, file
size to be download by any user, etc.). In this paper we will label the total
number of useful s (that is, those for user da a) during a ti e inte val  t
by us g the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Fram
, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( l ) n overhead REs within the time int rval  t. Superscript  t
is not superfluous since it wil assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once pe frame while others are repeated every TTI.
To proceed further with LTE capacit estima ion it is convenient to con
sider that not all the bits are use to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,tvailblemodelscanbe
seenintwomjorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasdmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisioasafunction
oftheloaddistribution[15].Theperformacemodelisthentheoptimized
solutiontoprovidethedemandeddat-rateinthetargetarea,belwbst
mtchingsystemcofigration.
Consideringtherequirementoferate(load)bedmodeltohavean
accratemesurforeachcell’scapacity,inthsworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprvisionformulti-userscenaros
foreachcellwithflxiblesystemconfigurationparameters.
3.ProblemStateent
Asmentioned,tepurposeofthisworkistoproposeamethodlogynd
algorithmstoccuratelystimatetheDLthroughputrcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intitively,userthroughputincreaseswithtenumbefusefulREdur-
ingagiventimeintervalofinteest.Thistimeintervaltcanbeeither1
TTIo1frame,depndingontheproblemathand(numberofsrs,file
sizetobedownloadbyanyuser,tc.).Ithispaperwwilllabelthetotl
numberofusefulREs(thatis,thoseforuserdat)duringatimeintervl t
byusingthenottion:
Ovrheadpercentage
withrespcttotheavailableREs
,BW(MHz)
O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
R,T
andO
 t
RE,T
represet,rspectively,thetotlnumbofavil-
able(ll)andoerheadREsithintetimeinteval t.Supercript t
isnotsuprfluoussiceitwillassistinmodelgavarietyofsituation
withanuifiedformalism.Aswillbemodeledithispaper,somevrhead
componntsappearolyonceperframewhileothersarerpeatedeveryTTI.
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Figure 5: Overhead percentage (%), wit respect t A tRE, T, as a function of BW. Squared
symbols represents OFra eRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S n itivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scali g Factor”
As a function of BW...
6.4. Scenario 1: single u er. LTE Maximum DL Data- ate
When the system is configur d with its highe t parameters and all the
available resources are assigned to a single UE which is in the best reception
c nditions, the highest data-rate provision can be xpect d. An accurate
ov rhead calculations that is customized with the system onfiguration, pro-
vides us wit he exact amount of useful r sources that can b assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate c lculation, the foll wing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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F r OFDMA-based network, such as LTE, the available models can be
seen in two major categorie . he power-control based models study the
co binatio of the system configura i n and the service area as a func ion of
SINR di tribution [14]. The rate-control based models focus on the co bi-
nation of the sys em c figurati n and th data-rate provision as a function
of the load distributio [15]. T e performance model is then the optimized
solution ro ide t de anded data-rate n t e target area, below the best
m tching sy configur tion.
Considering the r quirement of the rate (load) based model to have an
accurat measure for ea h c ll’s capacity, i this w rk we present a mathemat-
ic l methodology to lcula the data- a e provision for multi-user scenarios
f ach el w th flexible system c nfiguratio parameters.
3. r blem St e ent
As me tioned, the urp s of this work is to propose a methodology and
algorith s o accura ely stimate he DL throughput or capacity (C [bit/s])
of LTE syst s in realistic sce ari s t at c nsiders the degradation that the
di↵erent overhead echanisms prod ce.
Intuitiv ly, user th ughput i creases with the num r of useful RE dur-
i g give time in erval of in er s . This time interv l  t c n be either 1
TTI or 1 fr me, depending on he problem at hand (numb of users, file
size to be dow load by any u er, e c.). In this paper we will label the total
nu ber of useful REs (that is, tho e for user data) during a time interval  t
b sing th notation:
 OFrameRE, T %) = O
Frame
RE, T
AFra eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a  tE, T represent, respectively, the total number of avail-
able (all) and ov head REs within the ti e i terval  t. Superscript  t
is n t perfluou s nce i will ss st us i m d li g a variety of situation
with an u ified form li m. As will be mo eled in his paper, s me overhead
co p nents appear o y nce p r fram while others are repeate every TTI.
pr c ed fu th r with LTE capaci y estima ion it is convenient to con-
si er that not all the bits are used t transport user data but also to detect
err rs (for inst nce, Cyclic Redundancy Check (CRC) bits). The user data
5
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by sing th notation:
 OTTIRE, T(%) = O
Frame
RE, T
AFrame, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) nd ove ad REs within the time i terval   . Superscript  t
i n t superfluou since it will ass st us in modeli g a variety of situation
with an u ified form li m. As will be modeled in his paper, s me overhead
comp nents appear on y once p r frame while others are repeate every TTI.
T pr ceed furth r with LTE capacity estimation it is convenient to con-
si er that not all the bits are used to transport user data but also to detect
errors (for inst nce, Cyclic Redundancy Check (CRC) bits). The user data
5
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For OFDMA-ba ed network, such as LTE, the available models can be
s en in two major categories. The ower-control based mod ls study he
combination of th system config ration and th service area as a function of
SINR distribu on [14]. The rate-control based models fo us on the combi-
nation of th system configuratio and the data-rate pr vision as a fu ctio
of the load distribution [15]. The performance model is the the optimized
soluti n to provide the demanded data-rate in the target area, below the best
matching system config ation.
Consideri g the r quiremen of the r e ( oad) ba ed mo l to h ve a
accurate me sur for each cell’s capacity, in his work we present a mathemat-
ical me hodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system onfi uration paramet s.
3. Problem Sta ment
As m tioned, the purpos of t is work is o propos me hodology and
algorithms to accurat ly estimate the DL throughput or pacity (C [ it/s])
of LTE syst ms i realistic scenarios that considers the degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
ing a given time int rv l of interest. This tim interval  t can be either 1
TTI or 1 frame, dependin on the problem at hand (number of users, file
siz to be download by any user, etc.). In this pap r we will la l the total
number of useful s (that is, those or user data) during a time int v l t
by us g the n tatio :
B dwidth, BW (MHz)
 OTTIRE, T(%) = O
Fram
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( l ) nd overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwrk,suchasLTE,theavailablemodelscanbe
seenntwomajorcategoriesThepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheservicearaasafunctinof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfigration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemesureforeachcell’scapacity,inthisworkwepresentamatheat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatemet
Asmenioned,thepurposeofthisworkistoproposeaethodologyand
algorithmstoaccuratlystimatetheDLthroughputrcpacity(C[bit/s])
ofLTEsysteminrealisticscenaiosthtconsidersthdegradtionthatth
di↵erentoverheadmechanismsprodue.
Intuitively,userthroughputincreaseswithtenumberfusefulREdur-
ingagiventimeintervalofinterest.Thistimeintervaltcanbeeither1
TTIor1frame,dependingonthproblemathand(numberofusers,file
sizetobedownladbyanyuer,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotatin:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represe,spctively,thetotlnumbofavail-
able(ll)andoerheadREswithinhetimeinteval t.Supercript t
inotsuprfluoussinceitwillasssinmodelngavarieyfstuation
withanunifiedformalism.Aswillbemodeledithispaper,somevrhad
componntsappearolyonceperframwhileothersarerpeatedeveryTTI.
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Figure 5: Overhead perc ntage (%), with respec to A tRE, T, as a function of BW. Squared
ymb ls r presents  OF a eRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influ nce of Ng “PHICH Group S ali g Factor”
As a function f BW...
6.4. Sce ario 1: single r. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
c nditions, the highest data-rate provision can be xpect d. An accurate
overhead calculations that is customized with the system onfiguration, pro-
vides us wit he exact amount of useful r sources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate c lculation, the foll wing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig re 10: (a) T roughput (Mbps) as a function of BW (MHz) param triz d by Ng =
1/6, 1/2, 1, 2, respe tively. (b) Throughput rel tive erro  Ng (%) d fined in Expressi 46.
Figure 10 ( ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) para etrized by Ng = 1/6, 1/2, 1, 2, respectively, while Figur 10 (b)
r presents the relative errors mad with r spect to the best case (Ng = 1/6):
35
in Table 6). Howeve , dep nding on the radi chann l quality or th
s h d ling strat gy, for inst ce, the numb r of useful resou ces U tTOT will
vary. The questions arising are to what extent they chan e nd whether or
n t they have subst ntial influe c s on he thro ghpu from n operative
viewpoint. We begi his res arch by explorin the influen of Ng.
9.2. Exploring th nflu nce of Ng n overhead and capacity
Figure 10 ill assist us to qu ntify the fl ence f Ng.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the dem nded data-rate in the target area, below the best
ma chi g system configuration.
C sidering the requirement of the rate (load) based model to have an
ccura e asur for each cell’s capacity, in this work w present a mathemat-
ical methodol gy to calcula e the d ta-r te provisi n for multi-user scenarios
f r each cell with flexible system configu ation a meters.
3. Pro l m S a ement
A men e , t pur ose of t is work is to propose a m thodology and
lgo i hms t accurat ly estimate h DL throughput or capacity (C [bit/s])
of LTE syst m in real tic sc narios that consi ers the degradation hat the
i↵er n over ad c anis produce.
Intuitively, user throughpu creases wi h the number of sef l RE dur-
i g ive time interv l of int r st. This tim inte val  t can be either 1
TTI or 1 fr me, dep nding on the proble at hand (number of users, file
size to be d wnload by any user, tc.). I is pape we will la l the total
umber of useful REs (th t is, th se for user data) during a time interval  t
by using the notation:
 OFramRE, T(%) = O
Frame
RE, T
AF ameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
h r A tRE, T a d O tRE, T re resent, respe tively, the tot l number of avail-
able (all) and ov rhead REs wit in the time interval  t. Superscript t
is not s perfluous s nce it will ssist us i odelin variety of situation
with n unified form lism. As will be del d i this paper, so e overhe d
compone ts appear only nce per frame while others are repeated every TTI.
T proceed urther with LTE ca acity estimati n it is convenient to con-
sid r that not all the bits ar used to transport er data but also to detect
rrors (for inst ce, Cyclic Redundancy Check (CRC) bits). The user data
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⇥ 100
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with an unified f rmalism. As will b mo eled in this paper, some overhead
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F OFDMA-ba d network, s ch as L E, the v ilable mo els can be
seen in two major tegories. The ower-cont ol ased mod ls study he
combination f h sys em configuration and th servic area s a function of
SINR distribution [14]. The rate-control b sed o els focus on the combi-
nati n of the sys em configuration the data-rate pr vision a a function
of the load di ribution [15]. The performan e model is t en the op imiz d
s lution to provide the demanded d ta-r te in t e target area, below the best
ma ching ystem c nfigu ation.
Cons deri g th r uire ent f he ate (load) b s model to hav a
accurate measur for e ch cell’s cap city, in his work we present a mathem t
ical ethod logy to ca culate the d ta-r t provision f r multi-user sc narios
for ach cell with flexible sy tem configuration parameters.
3. Problem Stateme t
As mentioned, the pu pose f this work is o propose a m t odol gy d
algorithms to ly s im te the DL throug put or capacity (C [ it/s])
of LTE sys em in realistic scenarios that considers the deg adation that the
di↵er nt verhead mechanisms produc .
Intuitively, user throughput increas s with th number of useful RE dur-
ng a given time interval f i terest. his time inte val t can be either 1
TTI or 1 fram , depending on the problem at ha d ( umber of users, file
size to b downlo d y any ser, etc.). In this pape we ill label the total
numb r of useful R s ( t is, th s for user da a) du ing a time i erval  t
by us ng he n tatio :
Bandwidt , BW (MHz)
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T nd O tRE, T represent, resp ctively, the total number of avail-
able all) nd overhead REs within the time int rval  t. Superscript  
is not superfluous si ce it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this pap r, some overhead
components ppear only once p r frame while others are repeated every TTI.
To proceed fur her with LTE capacity stima i n it i convenie t to con-
sider that not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,thevailablemodelscanbe
seenitwomajorcategories.Thepowr-controlasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceaeaasafunctionof
SINRdistribution[14].Therate-conrolbasedmodelsfocusonthecombi-
ainfthesystemconfigurationandthedata-rateprovisionasafntion
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateintargetarea,belthebest
matchingsystemconfiguration.
Cnsiderigrequireeoferate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathet-
icalmetodologytocalcltethedata-ratprovisionformulti-usrscenarios
forechcellwitflexiblesystmconfigurationparameters.
3.PrblmStmn
smentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsyesinralisticscenaristhatconsiersthedegradationthatthe
di↵renoverheadechanismspodce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinteret.Thistiminterval tcneeither1
TTIor1fram,depndingnthepoblemthand(numberofusers,file
siztodownloadbyayusr,t.).nhispaperwewilllalthetotal
numerofuseflREs(thais,thosforusrt)duringatimeinterval
byinghetatio:
Overheadpercentage
withrespecttoteavailablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥10
U
 t
RE,T
=A
 t
RE,T
 O
 
RE,T
,(1)
whreA
 t
RE,T
ndO
t
RE,T
represent,respectively,thetotalumberofavail-
able(ll)andoerheadREswithinhetimeinterval t.Superscript t
isnotsuperfluouncitillasssuinmodelngavarietyofsituation
wiaunfiedfomalism.Aswillbemodlednthispaper,someovrhead
coponntsapparolynceperframewhiltrsarerepetdeveryTI.
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Fig r 5: Ove d perc ntage (%), with respect to A tRE, T, as a function of BW. Squared
symbols repre ents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of over ead on DCI le gt LDCI
As a function of B ...
6.3. I flue ce of Ng “PHICH Group Sc ling Facto ”
As a function of B ...
6.4. Scenario 1: single use . LTE Max mum DL Da a-r te
hen the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest B of 20 MHz (NRB = 100 and P = 4)
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F OFDMA-bas d network, s ch as LTE, t e available models can be
seen in two major categories. The power-control based models study the
combi ation of system configuration nd the servic area as a function of
SINR distr bution [14]. Th rate- ontrol based mod ls focus on the co bi-
n tion of the system configuration and he d ta-rate provision as a fu cti n
f the load d s ribution [15]. The performance model is then the optimized
olution t provide the demanded ata-rate in the target area, below the best
m chi g sy c figur tion.
Con idering the requi eme t of the r te (load) based model to hav an
ccurate measure for each ell’s c city, i this work we present a mathemat-
ic l method l gy to calculat th data-ra e provisi n f multi-us r scenarios
for each cell with fl xible syst m co figu ati n p ram ters.
3. Pr bl Sta e en
As me t ne , h urp s of this work is o propose a methodology and
lgorithms t accurat ly es imate DL throughp t or capacity (C [bit/s])
of LTE syst m realistic sce arios that onsiders the degradation th t the
i↵erent overhead ec anisms pr d ce.
Intu tiv ly, user thr ughpu i cre ses with the num r of useful RE dur-
ing give im inte v l of in er st. This tim interval t c n be either 1
TTI or 1 fr me, depending on the proble a hand (number of users, file
si e to be d wnload by any user, tc.). In this paper we will label the total
umber of use l REs (that is, se for ser data) during a time interval  t
by u ing the notation:
OFramRE, T %) = O
Frame
RE, T
AF ameRE, T
⇥ 100
U tRE, T A tRE, T  O tRE, T, (1)
where A tRE, T d O tRE, T represen , respe tively, the total number of avail-
bl (a l) a d overhead REs wit in the time interv l  t. Superscript  t
is not s perfl ous sinc it will assist us i deli g a variety of situation
with an unified formalism. As will be model d in this paper, some overhead
components appe r only once per frame while others are repeated every TTI.
T proc ed fu ther with LTE capaci y estima ion it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemdelscanbe
seenitwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthystemconfiguationandtheerviceaeaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonhecombi-
ationofthsystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateintargetaea,belowthebest
matchingsystemconfiguration.
Considerigrequiremenoferate(load)basedmodeltohavean
accuratemesureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmetodlogytolculatthedata-ratprvisionformulti-userscenrios
forechcellwithflexiblsystmconfigurtionparametes.
3.PrblmStm
Asmentioned,theprposeoftisworkistoproposemethoologyan
algoithstoaccuratelyestimatetheDLthroughputrcapacity(C[bit/s])
ofLTEsyesinralisticscenarisatconsidersthedegradationttthe
di↵renovrheadechanismspodce.
Itutively,userthroughpuinreasewiththenumberofusfulREdur-
ingagiventimeintrvalofinterest.Thisminerval tcanbeeither1
TTIor1fram,depndingonthepoblethand(numberofusers,file
siztobedwnloadbynyuser,etc.).Inthipprwewilllabelthetotal
numerofusefulREs(thais,thosforuserdta)duringtimeinterval t
byuingheotation:
Overheadpercentag
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,
O
 t
RE,T
,(1)
wherA
 t
RE,T
andO
t
RE,T
represen,respectively,thtotalnuberofavail-
able(ll)anderhedREswithinhetiminterval t.Superscript t
inotsuperfluouncitwillsssunmodelngavarieyfsituation
witanunfiedformalism.Aswillbemodeledinthispaper,someovrhea
coponntsapparolynceperframewhiltrsarerepeatedeveryTTI.
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Fig re 5: Ove he d perc ntage (%), wit r spec to A tRE, T, as function of BW. Squared
symbols epr sen s  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of over ead on DCI le gt L CI
As a function of B ...
6.3. Influe ce of Ng “PHICH Group Scali g Factor”
As a f nction f B ...
6.4. Sce ario 1: single user. LTE Maximum DL Data-rate
hen th syste is configu ed with it highest parameters a d all the
availabl reso rces are assigned to a single UE which is in the st reception
conditions, the highest data-rate provision can be expecte . An accurate
overhead calcula ions that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the foll wing system configuration sh ll be applied:
• The highest B of 20 MHz (NRB = 100 and P = 4)
26
Fig r 10: ( ) Th ughput (Mbps) as a functi n of BW (MHz) p ramet ized by Ng =
1/6, 1/2, 1, 2, espe tively. (b) Throughput relative error  Ng (%) defined in Expression 46.
Figure 10 ( ) shows the throughput T TTITOT (Mbps) as a funct on of B
(MHz) p rame riz d by Ng = 1/6, 1/2, 1, 2, respe tively, hile Figu e 10 (b)
r pr sent he relative errors made with respect to the bes case (Ng = 1/6):
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in Table 6). H wever, depending on the radio chann l quality or th
cheduling strategy, f r ins nce, the numb r of usef l esources U TOT will
a y. The questions ar sing are to what xtent ey cha ge and whether or
ot hey hav subs antial influences n the t roughput rom an operativ
viewpoin . We begi this re arch by xpl rin influ nc of Ng.
9.2. Exploring the influ c of Ng o ov r a a d capacity
Figur 10 will s st u to q tify th infl nce of Ng.
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For OFDMA-based network, such as LTE, the available models can be
een in two major c tegories. he power-control bas d models study the
co bination of the system c nfigura ion and the service area s a function of
SINR di tribution [14]. The rate-control based models fo us on the combi-
nation of the system configuration and th data-rate provision as a function
of the load distribu [15]. Th pe formance model is then the optimized
solution o provide the demanded data-rate n target area, b low the best
matching syste configuration.
Considering he requirement of the rate (load) based model to have an
accurat easure for each cell’s capacity, in this work we present a mathemat-
ic l met odology to lculate data-rate provision for multi-user scenarios
f each cel with flexible system c nfigu ati n par m ters.
3. Problem St ement
A men ed, the pur ose of this work is to propose a methodology and
a go ithms accurat ly esti at the DL hroughput or capacity (C [bit/s])
of LTE systems in r alistic scenari s t t considers th degradation that the
di↵ere ve head chanisms produce.
I tuitively, er th ughput i cr ases with the nu ber of useful RE dur-
ing a ive time n erv of inter t. T s interva  t can be either 1
TTI or 1 fr m , ep ndi g on he problem a ha d (number of users, file
size o be dow load by any us r, c.). In this paper we will label the total
number of us ful REs (th t i , those f us r data) during a time interval  t
by using the n tion:
 OFrameRE, T(%) = O
Frame
RE, T
AF meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T r resent, re pectively, the total number of avail-
able (all) an v rh ad RE wi in the time interval  t. Superscript t
is n t s perflu since t will assist us in modeling a variety of situation
with u ifi d formali m. As w ll be o eled i is paper, s me overhead
comp n ts appe r on y once per frame whil others ar repeate every TTI.
pr ceed furth with LTE capacity estimation it is convenient to con-
sider that no ll the bits are used to transport u data but also to detect
r ors (for inst ce, Cyclic Redundancy Ch ck (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siomi a
For OFDMA-bas d network, such s LTE, the vail ble models can be
seen n two major categories. he power-control bas d models study the
co bination of the system c nfigura ion and the servi area of
SINR di t ibution [14]. The rate-co trol based models fo us on the combi-
nation f the sys e configuration and th da a-r t p ovision as a fu ction
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with an u ifi d f rmali m. As will b odeled in this paper, s me verhead
comp nents ppear on y onc per fram while others ar repeate every TTI.
To p e d fur with LTE cap ci y estim tion it is conv ient o con-
sid r that not all the bi are u ed to transp rt ser d ta but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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Fo OFDMA-based n twork, s ch as L E, he av ilable models can be
seen in two m jor categories. Th ower-control based mod ls study he
combina ion f th syste configuration and the service ea as a function of
SINR distribution [14]. The rate-control based models focus on the com i-
nati n of the system configuration nd the data-rate pr vision as a functi
of th l ad dis ribution [15]. The performanc model is then the opti ed
s lution to provide the demanded data-rate in the target area, below the best
matching system onfiguration.
Co sider g the requireme t of the te (load) base mo el to have a
accurate measure f r eac cell’s cap city, in this work we present a mathemat-
ical ethodology to alculate the data-rate provision for multi-user scen rios
for each cell with flexible system config ration parameters.
3. P obl m State e t
As me ioned, the purpose of t is w rk to propose a metho ology and
algori h s to accura ly e timate t e DL throughput or capacity (C [ it/s])
of LTE sys ems in realistic scenarios that consid rs the degradation that the
d ↵erent ove head mechani ms p duce.
Intuitiv ly, use throughput i crea s with the number of useful RE dur-
ing a given time interva of in es . This ime interval  t can be either 1
TTI r 1 frame, d pending o the problem at ha d (number of us rs, file
size to be download by a y user, tc.). In this paper we will label the total
number of seful s (that i , those for us r data) during a time interval  t
by us g the notation:
Bandwidth, BW (MHz)
 O TIRE, T % = O
Frame
E, T
AFrameRE, T
⇥ 10
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) an overhead REs within th ime int rval  t. Superscript  t
is not superfluo s since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per fra e wh le others are repeat d every TTI.
To p oceed further wi LTE ca acity estimati n it is conveni nt t con-
sider th t not all the bits are used to transp rt user data but also to detect
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accuratemeasureforeachcel’scapacity,intisworkwepesentamthmat-
icalmethodoloytocalclatetheata-rateprovisioformulti-usrscenarios
foreachcellwithflxiblesystmonfiguratioparameters.
3.ProblemStement
Asmentiond,thurpseofthisworkitoprposeamethodologyand
algorithmstoaccuratlyestimatetheDLthoughutorcapacity(C[bit/s])
ofLTEsysteminrealisticscenariosthatcosierstheeradaionthatthe
di↵rentoverhadechanissprdce.
Intitively,usrhroughputincrasewiheurofusefulREdr-
ingagivetimentervalofieest.Thistimintervaltcanbithr1
TTIor1frme,endingonhepoblemaand(numberfusers,file
siztobedowloadbyanyuser,c.).Inhispaprwwilllablthtotal
numberofusefulREs(thaistoseforusrdata)duringatieinervalt
byusingthentatio:
Overheadpercentag
withrepcttotheavailablREs
,BW(MHz)
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TTI
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O
Frame
RE,T
A
Frame
RE,T
⇥100
U
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RE,T
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 
RE,
 O
 t
RE,T
,(1)
hereA
 t
E,T
andO
 t
RE,T
rpreset,resectively,thetotalumbrofavail-
able(ll)andoerheadEswithithetimeintrval t.Superscript 
isnotsuerfluoussinceitillasistuimodelngavarityofsituation
wihnuifiedformalsm.Aswillbemodeldinthisppr,somevrhead
ompontspparolyonceperframwhilotersarerepeatedeveyTI.
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Fig re 5: Ove d p rc tag (%), with r spect t A tE, , as a function of BW. Squ red
symbols repre ents  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S n itiv ty of overhead on DCI le gth LDCI
As a fu ction of BW...
6.3. Influe ce of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. S en rio 1: single u e . LTE Maxim m DL D ta-rate
Whe the system is config r d with its high parameters a d all the
availabl resources are assigned to a single UE which is in the best reception
c nditions, the highest data-rate prov sion can be xpect d. An accurate
ov rhead calculations that is customized ith th system configuration, pro-
vides us wi the exact amount of us ful r sources that ca be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate c lculation, the foll wing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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For OFDMA-based network, such as LTE, the avail ble models can be
seen in two major categor es. he power-control bas d models study the
co bi ation of the system c nfigura ion nd the service area as a function of
SINR di tribution [14]. The rate-c n rol based models fo us o the co bi-
n tion f h system c nfiguration and th data-rate p ovision as a fu cti n
f the l ad d tribu [15]. The perf rmance model is then the optimized
solution provide the dema ded dat -rate n target area, b low the best
m tching sy configuration.
Conside ing the r quirement of the r te (load) bas d model to have an
accurat measure for each cell’s cap city, i this wo k we present a mathemat-
ic l me odology to cula the dat -ra e provision f r multi-user scenarios
f r e ch cel w th fl xible system c nfiguration param ters.
3. blem Sta e ent
As mentioned, th urp s of this work is to propose a meth dology and
a gorith s accurat ly estimate the DL hrough ut or capacity (C [bi /s])
f LTE syst ms in r alistic sce ari s t t considers the degradatio that the
di↵ere t ov rhead echanisms prod ce.
Intuitiv ly, u er th ughput i creases with the nu r of useful RE dur-
i g a giv time in e v l of in er t. T is m interva  t c n be either 1
TTI or 1 fr m , dependi g on he problem at hand (number of users, file
size to be dow load by any us r, etc.). I this pape we will label the total
nu ber of useful REs (that is, those fo user data) during a ti e interval  t
by using th n ation:
 OFrameRE, T %) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh e A tRE, T d  t , T r pre nt, re pectively, the total number f avail-
ble (all) a d v rhead RE wi in the ti interval  t. Sup rscript  t
i n t perflu since t will assist us i m deli g a variety of situation
with an u ified forma i m. As will b mo el d in this paper, s me overhead
comp nents appear o y once per frame while others ar repeate every TTI.
pr c ed fu th with LTE capaci y estima ion it is convenient to con-
sider that not ll the bits are used t transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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errors (for instance, Cyclic Redu dancy Check (CRC) bits). The user data
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Fo OFDMA-based network, such s LTE, he available mo els can be
s en in two major categories. Th ower-control based mod ls study e
combi a i n of th system configuration and th service area as a function of
SINR di tribution [14]. The ra e-control b sed m d ls fo us on the combi-
nation of the system onfiguratio and the data-rate pr vision as a functio
of th load distr bution [15]. The perfo mance model is then the optimized
sol ti n to provide e demanded data-rate in the target area, below the best
m tching system config ation.
Consideri the quireme of the e ( oad) based mo el to hav a
accurate me sure for eac cell’s capacity, in this work we present a mathemat-
ical hodology to calculate the data-rate provision for multi-user scen rios
f r each cell with flexible system onfig ration paramet s.
3. P obl m Sta e t
As m ioned, the purpose of is work i o propos me hodology and
algorithms to accura ely es im te the DL throughput or capacity (C [ it/s])
of L E syst ms in realistic scenarios tha considers the degradation that the
di↵erent overhead m chanisms pr duce.
Intuitiv ly, use throughput i crea s with the number of useful RE dur-
ing a given time i t rval of in er st. This im in erval  t can b either 1
TTI r 1 frame, dependin on the problem at ha d (number of users, file
siz to be download by a y ser, tc.). In this p p r we will la l the total
numbe of useful s (that is, those or us r data) d ring a time int rv l t
by us ng the n tatio :
B dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the t tal number of avail-
able (all) and overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame wh le others are repeat d every TTI.
To proceed further with LTE ca acity estimation it is convenient to con-
ider that not all the bi s are us d to ransport user data but also to detect
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!!!!!!!!!!!!!!!!!Siomia
ForOFDMA-basednetwork,suchasLTE,theavailablemoelscanbe
snitwomajorcategoris.Thepower-controlbasedmodelsstudyte
combinationofthesystemconfigurationandtheservicearaasfunctionof
SINRdistribution[14].Therae-controlbasedmodlsfocusonthcombi-
nationofthesystemcfigurationandthedata-rateprovisionasafunction
ftheloadditribuion[15].Theperformncemodelisthentheoptimizd
solutiontoprovidethedemandddata-rteinthetargetare,belowthebst
matchingsysteonfigration.
Consderingterquiemetoftherate(load)basedmodltohavean
accuratemesureforeachcel’scapacity,inthisworkwepesentamthmat-
icalmethodologytocalculatethedata-rateprovisionformlti-userscnarios
foreachcellwithflxiblesystmonfiguratioparameters.
3.ProblemSemet
Asmentiond,theprposeofisworktopposmethodolyand
algorithmstoaccuratlyesmatetheDLthoughutorcapacity(C[it/s])
ofLEystemsnrealistcscarioshatconsierstheeraaionthatthe
di↵erentovrheadechaisprode.
Intuiively,userhroghputincrseswithenumrofusefulREdr-
ingagiventimetervalofinterest.Thistimeintervaltcanbeithr1
TTIor1frame,dependingnthepblemaand(numberofusers,file
siztobedownlodbyanuer,etc.).Itispaerwewilllablthetotal
numbofusfulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenoation:
Oveheadpercentage
withrespcttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frae
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
E,T
andO
 t
RE,T
rprese,espectively,thetotlubrofavail-
ablell)anderheadEswithinthetimeinterval t.Superscript t
inotsuperfluoussinceiwillssistuimodelngavarieyfsituation
nunifiedformalism.Aswillbemodeledithisppr,somevrhead
omponspparlyonceperframwhileotersarerepeatedeveryTI.
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Fig r 5: Ove he d perc tage (%), with respe to A RE, T, s function of BW. Squ red
sym ols represents  OF ameRE, T(%)  OTTIRE, (%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI le gth LDCI
As a function of BW...
6.3. Influe ce of Ng “PHICH Group Scali g Factor”
As a function of BW...
6.4. Sc rio 1: si gle user. LTE Maximum DL Dat -rate
Whe the syste is co fig red with its highest parameters and all the
availabl reso rces are assigned to a single UE which is in the best reception
c nditi s, the highest data-rate prov sion can be xpect d. An accurate
overhead calcula ions that is customized with th system configuration, pro-
vid s us wi the exact amount of us ful r sources that ca be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate c lculation, the foll wing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig r 10: (a) Throughpu (Mbps) as functi of BW (MHz) pa met ized by Ng =
1/6, 1/2, 1, 2, respe tiv ly. (b) Throughpu relativ error  Ng (%) defined in Expression 46.
Figure ( ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) para trized by Ng = 1/6, 1/2, 1, 2, respe tiv ly, while Figu e 10 (b)
r presents the relative rrors made with r spect to the be case (Ng = 1/6):
35
i Tabl 6). H w ver, ep nding n the radi c nnel qu lity o t
sc duli g tr gy, for insta ce, the number of useful res urces U tTO will
var . h q est o s ri in are t what ex nt hey ch g and wheth r or
n t t y hav subst ntial influences n t e throughp f om an operative
viewpoint. W begin his research by explori g the influ c of Ng.
9.2. Exploring th influen e of Ng on ove head and cap city
Figu 10 will a sist us t qu n ify th influ ce of Ng.
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!!!!!!!!!!!!!!!!!Siomina
F r OFDMA-based ne work, s c as L E, he a il ble models can be
s en in wo ajor cat gories. The power-control bas d dels study the
mbina io f th t nfigur ti and t e rvic rea as a fu ction of
SINR distr buti n [14]. T e r t -con rol b d models foc s n t e c mbi-
n tion of t sys em configurati nd the da - ate provisi as a function
f th loa distribution [15]. The perfor a ce m el i the o timize
soluti to p ovi h e d d d t -ra in he t rget , belo the best
matchi g syst m configu atio .
Cons d ring the requiremen of th rate (load) bas d odel o have an
accurate mea ur or each cell’ capacity, in this work we present a mathemat-
ical method logy o calcul t the data-rate ovision fo multi-user scenarios
f r each c ll with flexible syst m c nfiguratio para et rs.
. Pr bl State t
As me tioned, th urpose of this work s pr pose a ethodology and
algorithm to cc rat ly estima e the DL roughput or capacity (C [bit/s])
f L E yst ms in realistic sc narios that consid rs th d grad tion that the
di↵ nt verhe d mech isms oduc .
Intu ti ely, user throughpu increases w th th nu b r of use ul RE d r-
i a give ime nterv l of interest. This time i terval  t can be either 1
TTI or 1 fram dep ding on th proble t hand (numb r of u ers, fil
size to be download by any user, tc.). In this paper we will label the total
numb r of useful REs (that is, those for user data) during a time interval  t
by usi g the otation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T repres nt, r spectiv ly, th total number of avail-
able ( ll) and overhead REs within the tim i terval  t. Superscript  t
is not superfluous sinc it will assist us in mod ling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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F r OFDMA-base twork, such as LTE, h availabl models can be
seen in tw major at ories. The pow r-control bas d m de s study the
combin ti of he sy tem configur t on and th service are s a fu ctio of
SIN distribution [14]. he r -co trol ba models f cus on the combi-
a ion of the syst m onfiguration nd the da -rate prov ion s f nction
f th l d rib ion [15]. The per rm nc mo l s th the ptimiz d
sol ti n to p ovide h de anded data-rate in he targe are , below the best
m tching syst configuration.
Considering the r quiremen of t e ra e (load) based model to have an
accu at easu e fo each cell’s c acity, in this work we prese a m themat-
ical ethodology o calcul te the da -rate vision for mul i-user scenarios
f ach c ll with flexi le yst m o fi ura ion p ra t rs.
3 Problem Statem n
As me tioned, the purpose f this work is to p opose m thodology a d
algorithms to accurat ly es imate the DL through ut or ca city (C [bit/s])
of LTE systems in realistic scenarios h t con iders t d gra ati n that h
di↵ r nt overh ad mechanisms produce.
Intuitively, user t roug p t incre ses ith the number f useful RE dur-
ing a given time interval of int est. This time i terval  t can be either 1
TI or 1 frame, dep nding on the problem at hand (number of users, file
size to be downloa by any user, etc.). In this paper we will label the total
number of useful REs (th t is, those for u er d ta) during a ime interval  t
by using the notation:
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represe t, respectively, the total number of avail-
able (all) and erhead REs within t e time interval  t. Superscript  t
is not s perfluous since it will assist us in modeli g a variety of situation
with an unified formalism. As will be modeled in his paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for inst ce, Cyclic Redu da cy Ch ck (CRC) bits). The user data
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F r OFDMA-b sed netw rk, s ch as LTE, e available models can be
s en in two major cat gories. The power-control based mod ls study he
c m i ation f he sys m co fig ation and he se vi e rea as function f
SINR di tribution [14]. he rate-cont ol based mo l focu on the co bi-
nation of th system configuration an th data-rat pr isi n as a function
f the load dis ribution [15]. The perfor ance model is the t e opti ize
olution to pr vide th emanded data-ra e in t e target ea, below the b st
matching system configurati n.
Conside i g the requir ment of the ate (load) base m d l o have an
ccurate easur fo ea h cell’s a acity, in this ork we present a mathemat-
ical methodology to calculate the data-rate provision for ulti-user scenarios
for each cell with flexible system configuration ram ters.
3. Probl m Stat ment
As menti ed, the purpose of his work is o p opose a m thodology and
algorithms to accurately estimate the DL throughput or apacity (C [ it/s])
of LTE syste s i realistic scenarios that considers the d grad tion that the
i↵ere t overhead mechanisms produce.
In uitively, ser through t nc eases with the number of seful RE dur-
ing a given time interval of inter t. This tim interval  t can be eith r 1
TTI or 1 f ame, dep nd g on th problem a ha d ( umber of users, file
size t be download by any user, etc.). In this paper we will label the to al
nu ber of useful REs (that is, t ose for user data) during a time interval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T repr sent, respectively, the total number of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
i not superfluous sinc it ill assist us n modeling a vari y of situation
with an unified formalism. As wil e modeled in thi paper, some ove head
components appear only once per frame while others are repeated every TTI.
To proc ed further with LTE capacity estimati n it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafnction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
ccuratemeasureforechcell’scapacity,intisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatemet
Asmentioned,thepurposeofthisworkistoproposeamethodolgynd
algorithmsoaccuratlyestiatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventieintervalofinterest.Thistimeinterval tcanbeither1
TTIor1frame,depndingonthprblemhand(numbrofusers,file
izetobedowloabyanyusr,etc.).Inthispperwewilllabelthtotal
numberofusfulREs(thatis,thoeforuserdata)duringatimeintervl t
byusingtheotaton:
Overheadpercentage
wihrespctotheavailbleREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frae
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,rspectively,thetotalnubrfavail-
able(ll)anoerheadREswithithetimeinterval t.Suprscript t
isnotsuprfloussinceitwillassstuinmdelngavarietyofsituation
withannifiedformalism.Aswillbemodeleintispaper,omeoverhad
compontsappeaolyonceperframewhilothersarerpeatedeveryTTI.
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3.ProblemStatement
Asmentione,thepurposeofthisworkistoprposeamethodologynd
algoritmstoaccuratelyestimattheDLthrougputorcapacity(C[bit/s])
ofLTEsystmsinrealisticscenaristhatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofintert.istimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenottion:
Overheadpercentage
(withespecttotheavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 
RE,T
,(1)
whee
 t
RE,T
ndO
 t
RE,T
represent,rspectively,thetotalnumberofavail-
able(all)andverheadREswithinthetieiterval t.Superscrip t
isotsuperfluoussincitillassistusinmodelingavarietyofsituation
withanifiedformalism.Aswillbemodeldinthispaper,someoverhead
compoentsappearonlyoceperframwhilethrsarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respe t to A tRE, T, as a function of BW. Squared
symbols repres nts  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scen rio 1: si gle user. LTE Maximum DL Dat -rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I flu nc n eac o p ne t as a function f BW
For 1.4 is 31%. S is 91%...
For 20 MHz is 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Si i a
F r OFDMA-bas d ne wo k, uch a LTE, th avail ble m d s c be
se i tw major categ r s. T e power-c n ol based odels stu y the
combin io of th system configuration and the servic area s a function of
SINR distribution [14]. The rate-control ased m els focus on the c bi-
nation of the sys em configuration and the d a-r te p ovision s a function
f th load istribution [15]. Th p rformance m d l is then the optimized
s utio t provide th deman ed da -ra e in th targe are , below th best
m ching sy configur tion.
Co sidering the requi e e t of th rat (loa ) based mod l to hav a
ccurate measure f r a h cel ’s capacity, i this work w pr s nt a ma mat-
ic l ethodology to cal ulat t e data-ra e pr vision fo multi-user cen rios
for ach c ll with flexible s stem c nfiguration paramet rs.
3. Pr blem State ent
As mentio ed, the rp s of this w rk is o propose a ethodology and
algori hms o c ur tely estima the DL throughput o c pacity (C [bi / ])
of L E sys ms in listic scenari s that onsiders the degrada i that he
di↵erent overhead echa isms prod ce.
Intuitiv ly, se thr u hput i creases wi h the num r of useful RE dur-
ing give time interval of in er st. This time interval  t c n be either 1
TTI or 1 frame, dependi g th p oblem at hand (number of users, file
siz o be d wnloa by any user, etc.). In this p per we will la el he total
number of us ful REs ( t i , those for user data) during a time interv l  t
by using the notation:
 OFrameRE, T %) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
ble (all) and overhead REs within the ime interval  t. Superscript  t
is not s perfluous since it will assist us i m deli g variety of situation
with an un fied formalism. As w ll be model d in his paper, some overhead
components appear only e per frame while others re repeated every TTI.
T proc ed fu ther ith LTE capaci y estima ion it is convenient to con-
ider that ot all the bits are used to ransport u er data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemcnfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemesureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreaccellwithflexiblesystemconfigurationparameters.
3.ProblemStatemt
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thati,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttothavailablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
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RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscipt t
inotsuperfluoussincetwillsistuinmodelngavarieyfsituaion
withanunifieformalism.Aswillbeodeledinthispaper,someoverhead
componnsppearolyonceperfraewhileothersareepeatedeveryTTI.
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SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancmodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoprposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenaristhatconsiderstheegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbynyuser,etc.).Inthispaperwewilllabelthetotal
numberofuseflREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
(withrespecttotheavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
reprs,rspectively,thettanumberofavail-
able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussincitillassistusinmodelingavarietyofsituaion
withanunifiedformalism.Aswillbemodeldinthispaper,someoverhead
componetsapparonlyonceperfrmewhilotrsrerepatedeveryTTI.
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Figure 5: Overhead p rc ntage (%), with respec to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scali g Factor”
As a function f BW...
6.4. Sce ario 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Fig re 10: (a) Throughput (Mbps) as a function of BW (MHz) parametrized by Ng =
1/6, 1/2, 1, 2, respe tively. (b) Throughput relative error  Ng (%) defined in Expression 46.
Figure 10 ( ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) p rametrized by Ng = 1/6, 1/2, 1, 2, respectively, while Figure 10 (b)
r presents the relative errors made with respect to the best case (Ng = 1/6):
35
in T ble 6). However, epending th ra io ch nnel qu li y or on the
sch duli g t ategy, for insta ce, th number of us ful re urc s U tTOT wi l
vary. he qu stions arising are what exten they ch ng and whether or
no he have s bstanti l influ nc s on the throughput fr m a operative
vi point. W begi this resea ch by expl ring th nfluenc of Ng.
9.2. Exploring the influence of Ng on ov r d and ca acity
Figur 10 will assist us to qua ify th influe c of Ng.
Ng = 1/6
Ng 1/2
Ng = 1
Ng = 2
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!!!!!!!!!!!!!!!!!Si mina
F r OF MA-based network, such a LTE, the available m dels can be
s en in two m jor cate ories. T e power-c ntrol based models study the
c mbi ation of t sy m co figuration and the service area as a function of
SINR i u ion [14]. The ate-control b sed m dels focus on the com i-
ation of t syst configur tion a d t e da -r t prov sion as a func ion
of the loa istributio [15]. The p rforman mo el is then the optimized
soluti to provide t e d manded dat -rate in the target rea, below the best
tch system co fig tion.
C ideri g t requi emen f he rate (lo ) based m de to ha e an
a cura e measur for each ll’s capacity, this work we p esent a mat emat-
ic l methodology to calcula e th da -ra e provisio for multi-us r scenarios
fo ach cell with flexible system co figuratio parameters.
3. P obl m St eme t
As menti ned, h urpose of this wo k is t propose a methodology and
algorith o accurately es mate t e DL thro ghput r capacity (C [bit/s])
of L sy te in r ali tic sc narios that considers the degradation that the
di↵er nt overh d mechani ms rod ce.
Intui i ly, u er hroug put increases wit the n m r of useful RE dur-
i g a give time interv l of i t est. Thi time i erval  t can be e her 1
TTI or 1 fr e, dependi g on he p oblem at ha d (number of users, file
siz to dow oad by any us r, etc.). In this paper we will la el th tot l
numb r us ful Es (that s, th se for us r dat ) du ng a time interval  t
by using th n t io :
OFramE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T nd O tRE, T re r sen , res ectively, the t tal number of avail-
able ( ll) and over ead REs within the time interval  t. Superscript  t
is not superfluous si e it will s ist us in modeling a vari y of situation
with an unifi form lism. As will be modeled in this paper, some overhead
compon n s appear only once per frame while others are repeated every TTI.
To pro e d fu ther with LTE capacity estimation it is convenient to con-
sider tha ot all t bit are used to t nsport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Sio ina
For OFDMA-based ne w rk, such s LTE, the a ailabl mod ls can be
se n i tw major categori s. h power-co r l bas d models stu th
co bination of the system configu ation nd the ervi r as a f nc of
SINR distribu ion [14]. T e rate-c n ro base mod ls f cus on t e combi-
nation of th system c figur t n a d the dat -rate provisi n as function
f t loa distribution [15]. T pe f rmance model is then th op imized
u on to provide h d anded d a-rate in he ta g area, below the best
matching syste config r ti n.
C nsideri g t e requirement of e rate (load) bas d model to have an
accu ate measure for eac cell’ c pacity, in this ork we present mathemat-
ical me odol gy t alculate he d ta-ra e provisio for multi-user scenarios
f r ach l wit fl xible syste nfiguration parameter .
3. Probl m S at m nt
As tioned, th purpo of this w rk is to propo e a methodology and
algori h s accu ately estimat th DL hro g put or c pacity (C [ it/s])
of LTE sy tems i r l tic sce arios that cons d r th d gradation that the
di↵eren overhead mech nisms pr uce.
I t it vely, user throughpu increas with the number of us ful RE dur-
ing a given time interv l of i terest. T is ime interval  t c n be either 1
TI r 1 frame, depending on the problem at hand (number of users, file
size to be d wnl ad by any us r, etc.). In this p per w w ll label the total
nu ber of useful ( hat is, hose for user data) during tim interv l  t
by using he notation:
 OTTIRE, (%) = O
Frame
RE,
AFrameRE,
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and ov rhead REs within the time interval  t. Superscript  t
is not sup rfluous since it will assist us in modeling a variety of situation
wi h an unified formal sm. As will be modeled in his paper, some overhead
co pone s app ar only nce p r fr me while thers are repeated every TTI.
T proceed further with TE c paci y estimation it is convenient to con-
sid r that not all bits are used to tr nspo t user data but also to detect
rrors (fo ins ance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Sio ina
For OFDMA-based network, s ch as LT , the available models can be
se n in two ajor categories. T e ow r-co trol b sed o ls study he
combi tion f sys em c nfigurati n and th s rvice area as a fu ction of
SINR distrib ion [14]. The rate-contr l b sed mo els f c s n th combi-
n tion of the system configuration and the data-r e pr vision as function
of the lo d dis ribu ion [15]. The perform n e model is then th timized
solution to pr vide he demanded data-rate i he target area, below the bes
m ching syste co figuratio .
onsid ri g the requirement of the rat (l ad) based model to have an
ccurate measure for each cell’s cap cit , in is work we resent a mat emat-
ical methodology to calculate t e data-rate provision for u ti-user scenarios
f r ch c ll with flexible syst m config ration pa meters.
3. Proble State e t
As mentioned, the p rpose of this work is o propose a methodology and
al ori hms o accur ly estimate th DL throughpu or capacity (C [ it/s])
of LTE systems in realistic sce arios that co si ers the degradation that th
i↵er nt ove head mechani ms p oduce.
Intuitively, u er throughpu i c eases with the nu ber of useful RE dur-
ing a give ti e interv l of interest. This time interval  t can be either 1
TTI or 1 fram , dep nding on the problem at han ( umbe of user , fil
size o be dow load by n user, t .). I t is p per w will label the total
umber of useful REs (that is, thos for user da a) during a tim interva  t
by us ng the notation:
Ba dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) nd overhead REs within the ime int val  t. Superscript  t
is not sup rfluous since it will assist us in modeling a varie y of situation
with an unified f rmalism. As will be modeled in this paper, some overhead
co ponents appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sid r hat n t all the bits re used to transport user data but also t detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcaegries.Thepower-controlbasedmodelsstudythe
combinaionofthesystemcnfigurationandtheservicereaasafunctionof
SINRdistribution[14].Therate-conrlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedt-rateprovisionasafunction
oftheloaddistribution[15].Tperformanceodelisnthoptimized
solutiontoprovidethedemndddat-rtintheargetareabelowthbet
matchingsystemconfiguraion.
Cosidringtherequirementoftherate(load)basedmodeltohavean
accurtemesurforeachcell’scapcity,inthisworkwepresentamathmat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenaris
foreachcellithflexiblesystemconfigurationparameters.
3.ProblmStatement
Asmetioned,theprposofthiswrkistopropseamethodogynd
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erntoverheadmechanismsproduce.
Intuitively,userthroghputincreseswithtnumberofusefulREu-
ingagiventimitervalofinterest.Thistieiterval tcnbeeither1
TTIor1frame,dependingontheproblmathan(numbrofusers,file
sizetbedownloadbyanyue,etc.).Inthspperwwilllabelthtota
numberofsefulREs(this,hoseforuserdta)uringtiiterval t
byusingthenotation:
Overheadpercntage
withrespecttothevailabeEs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
R,T
andO
 t
RE,T
represet,respetively,thetotalnumberfavail-
able(ll)anorheadREswthinthetimeinervl t.Superscrpt 
isnotuperfluoussincitwillssistuidelngavarieyofsiuatin
witanunifiedforalism.Aswillbemodeledinthispapr,someovrhead
compontsappearolyonceperframewhilothersareetedevryTTI.
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Figure 5: Overhead percentage (%), with resp t to A tRE, T, as a function of BW. Squ red
symbols represents  OFrameRE, T( )  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsit vity of overhead on DCI length LDCI
As a functio of BW ..
6.3. Infl ence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: singl user. LTE Maximum DL Data-rate
When the system is configured with its high t parameters and all the
available resour es are as ign d t a single UE which is n th best reception
conditions, the highest da a-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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For OFDMA-based network, such as LTE, the avail ble models can be
s en in two jor c egori s. The w r-control b sed models study he
combi ation of th system configuration and he service area as a f nction of
SINR d stributi n [14]. T e r te-con rol bas d odels focus on the co bi-
n tion of h ystem configura i n nd the d ta-rat provision as a function
f the loa di tribution [15]. Th perf rmanc mod l is en he optimized
s l tion t pr vide e dem n ed dat -r te in the r et are , below the best
m tchi g sy c nfigu tion.
Consi ring the q ire ent of the rat (l ad) b sed model to have n
acc r te asu e for e ch ell’ capaci y, i this w rk we pr sen a mat emat-
ic l m th dology t lcula th data-r e provisio for multi-user scenarios
f r each ell with flexible s st m configurati p rameters.
3. Pr bl m St te ent
As n ion , the urpos of th s work is t propose a methodol gy a d
lgorithms o accurately esti at th DL thro gh ut r cap city (C [bit/s])
f L E sys ms in rea istic sce arios tha conside s the degradation that the
di↵erent overhe d chanis pro ce.
Intuitiv ly, use hr ughput i reases with he num r of useful RE dur-
i g a giv time int rval of in er s . This tim interval  t can be either 1
TTI or 1 frame, d p ndi g o proble hand (number of users, file
size to be d wnlo d y any us r, etc.). I this paper we will l bel the total
nu ber of usefu REs (that is, those f r user data) uring a time interval  t
by usi g th notation:
 OFrameRE, T %) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T repr s nt, respectiv ly, the total number of avail-
ble (all) and ove h ad REs within the tim inte val  t. Superscript  t
is not s perfluous sinc it will assist us i deli g a variety of situation
wit an unified for alism. As will b modeled in this pape , some overhead
compone ts appear only once per frame while others are repeated every TTI.
T proc e fu ther wi h LTE capaci y estima ion it is convenient to con-
sid r that not ll th bits are use t transport user data but also to detect
err rs (for instance, Cyclic Redu dancy Check (CRC) bits). The user data
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comp e s ppear only onc p r fra e while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that n t all the bi s are us d to transport user data but also to detect
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Fo OFDMA-based ne w rk, such as LTE, the avail ble models can be
s en in two maj r cat gories. T e ower-control as d mod l study he
co bination of the ys m configur tion and h service ar a as a function of
SIN distribution [14]. Th rate-co trol based model focus on he combi-
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Consideri g the r quiremen f the r e ( oa ) b sed odel to have an
acc ra e m asu e for ach cell’s capaci y, in this work we sent a mathe at-
ical me hodology to calculate the data-rate pr visio for ulti-user scenarios
for each cell with flexible sy tem onfigurati n p ra et s.
3. Probl m Sta e nt
As m ntioned, the purpose of t is work is o propos me hodology nd
algorithm to accurat ly es imate th DL throughput or capacity (C [ it/s])
of LTE syst ms i reali tic scen rios th t co siders the degr dation that th
di↵erent overhead m chanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
ing a giv n time interv l of interest. This tim interval  t can be either 1
TTI or 1 frame, dependin on the probl m at hand (number of users, file
siz to be download by any user, etc.). In this pap r we will la l the total
number of useful REs (that is, those or us r data) during a time interv l t
by us ng the n tatio :
B dwidth, BW (MHz)
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Frame
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AFrameRE, T
⇥ 100
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where tRE, T and O tRE, T represent, respectively, the total n mber of avail-
able (all) nd ov rh ad REs within he time int rval   . Superscript  t
is not superfluou sinc it will a sis us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others a e repeated every T I.
To p oceed further w th LTE capac ty estimation it is convenie t to con-
sider that not all the bits are used to trans ort user data but also to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwoajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-contrlbasedmodelsfocusonthecombi-
nationofthesysteconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperfomancemodlisthentheoptimized
solutiontoprovidethedemandeddta-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementrate(load)basedmodeltohavan
accuratemesureforeachcell’scapacity,inthisworkwepresntamahemat-
icalmethodologytoclclatetea-rateprovisionformulti-userscenrios
freachcellwithflexiblesystemconfigrationparamters.
3.ProblemStateet
Asmentioned,thepurposeofthisworkistoprooseamethodologyand
algorithmstoaccuratelestimatetheDLthroughputorcpacity(C[bit/s])
ofLTEsystemsinrealisticsceariosthatcnsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuively,usehrougputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalfiterest.Thistimeierval tcanbeier1
TTIor1frame,depndigontheproblemathan(nuberofusers,file
sizetobedownlobyyusr,etc.).Inthispaperwewilllbelthetotal
nuberofusefulREs(thatis,hoseforuserdata)durigatimeiterval t
byusingthenotation:
Overheadpercentag
withrespecttoheavailableREs
,BW(MHz)
 O
TI
RE,T
(%)=
O
Frae
RE,T
A
Frae
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,
 O
 t
E,T
,(1)
whereA
 t
R,T
adO
 t
RE,T
epresent,respectively,thtotalnuerofavail-
ablell)andoerheadREswithinthtiminterval t.Superscip t
inotsuperfluoussineitwillassistuinmodlngavarieyfsituation
withanuifiedformalism.Aswillbeodeldintispaer,omeoverhead
componntsapparolyonceperramewhileothersarerepetdveyTTI.
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Figur 5: Ov rhead perc ntage (%), w th respec to A tR , T, s a function of BW. Squared
sy bols represents  OFrameRE, (%)   TTI, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influenc of Ng “PHICH Group Scali g Factor”
As a function f BW...
6.4. Sce ario 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The h ghest BW of 20 MHz (NRB = 100 and P = 4)
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Fig re 10: (a) Throughput (Mbps) as a function of BW (MHz) parame rized by Ng =
1/6, 1/2, 1, 2, espe tively. (b) Throughput relative error  Ng (%) defined in Expressio 46.
Figure 10 ( ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) parametrized by Ng = 1/6, 1/2, 1, 2, respectively, while Figure 10 (b)
r presents the relative errors ade with respect to the best cas (Ng = 1/6):
35
in ble 6). H w v r, dep ding he ra io cha nel quali y or on the
sc duli g str egy, for i stance, the numbe f useful resourc s U tT T will
v ry. T ques io s risi g ar t what ext nt th y chang and whether or
ot h y hav s bstanti l flu nc s on the thr ughpu m n operative
vi wp i t. We begi this researc by x l ri g th influ nc of Ng.
9.2. Explori g th influe ce f Ng n v hea and apac ty
Figur 10 w ll assist us to quantify influen e of Ng.
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Fo OFDMA-b sed etwork, such a LTE, the av ilable models can be
e n in wo maj r categori s. T e power-co trol ba ed models study the
com ina ion of the ystem configu ation an th s rvice area as a function of
SINR di ributi [14] The rat -con r l b s d mod ls focus on the combi-
nation of the system co figurati n and t e da a-rate provis on as a function
of t lo is ibu io [15]. The p form nce model is hen the optimized
soluti n t provide the deman d data-rate in the target area, below the best
m ching ystem co figurat on.
C sidering the requirement of e rat (load) ased m del to have an
curate m su for ac ell’s cap , in this work we present a mat mat-
ical me hodology to c lculate e da -r te provisio for multi-user scenarios
f r ch cell with flexible syst m c nfig ratio param ters.
3. Problem S at ment
A me tion d, the purpo of this work is to propose a meth dology and
lgorit s to accur ely esti te he DL throughput or capacity (C [bit/s])
f LT sy t ms i r ali tic sc narios that considers the degradation that the
di↵e n over e d chanis s p o ce.
Intuitively u er throughput i cre ses wit the number of useful RE dur-
g a give tim interv l f i rest. This ime in er al  t can b either 1
TTI or 1 fram , depending o the problem at h nd (number of users, file
ize to be nload by an user, etc.). In this paper w will label the total
u er of useful REs (that i , those for us r data) uring a ime interval  t
by using t e not ion:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe e A tRE, T and O tRE, T p sen , respectiv ly, the total number of avail-
ble (all) and verhead REs within th time interval  t. Superscript  t
is not superfl ous sinc it will assist us in m d ling a variety of situation
with an u ifi d fo m lism. As will be model d in his paper, some overhead
compon n s appear only onc p r frame while others are rep ted every TTI.
To proceed fur e with LTE capacity estim ion it is convenient to con-
side at not all bi s re used ransport user data but also to detect
rrors (for i stan e, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajrctegories.Thepower-controlbasedmodelsstudythe
combintnoftesystmconfigurationandeervieareasafunctionof
SINRdistribution[14].Therate-ntrlbsedmodelsfocusonthecombi-
nationofthesysteconfiguraandthedata-rateprovisionasafunctin
oftheloaddistribution[15].Theperformaceodlisthentheotimzed
solutontoprovidethedemandddata-teinthtgetare,belowthebst
matchingsystemconfigurai.
Consideringterequiremntoftherae(load)badodeltohavean
accuratemeasurefoeachcell’scapcty,inthisworkwepresentamathemat-
icalethodologytocalculatethedata-rateprovisionformli-urscaris
foreachcellwithflexibleystemconfigurationparamters.
3.ProblemStatement
Asmentioned,thepuroseofthisworkitopropoeamethodologyand
algorithmstoaccuratelyestimattheDLroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenaistatconsidersthedegadaiothat
di↵erentoverheadmechanismsprouc.
Inuitivly,userthroughputincraseswiththnumberofusefuldur-
ingagivntimeintervalofinterest.Thitimeintervl tcanbeitr1
TTIor1frame,dependingothprblethad(umbrofuers,file
siztobedownloadyayuser,etc.).Inthispaprwewilllabelthetotl
numberofusfulREs(tatis,hoseforusdt)duringatimeinrval 
byusingthenotation:
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ble(ll)doerhadREswithinthetimeinerval t.Supercrpt 
isnotsuprfluossincetwillassistuinmodelngavrieyfsituation
withanunifiedforalism.Aswillbeodelinthispapr,omeverhd
coponntsaperlyoncepeframwhilothersarerepatedevryTTI.
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Figure 5: Overhe p rcen age (%), with res ect to A tRE, T, s a f ncti n f BW. Squared
symb ls repr s nts  OFrameRE, T(%)  OT IRE, T(%).
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⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
A a funct on of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: si gle u er. LTE Maximu DL Data-rate
When the system is configured with its h ghe t parameters and all the
available resources are a sign d to a single UE which is in the best reception
c nditio s, the highes data-rate prov sion c n expected. An accurate
overhead calculations that is custom zed with the system configuration, pro-
vides u with the exact mount of useful resources that can be assigned for
data-tr nsmissio .
Co sidering the maximum service provision capabilities of LTE, for max
data-rate calc lation, the f llowi g system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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For OFDMA-b sed netw rk, s ch as LTE, the available models can be
s en in two ajor c tegories. The ower-control a ed models study the
comb n i of the system c figurati n an the s rvice area a a function of
SINR i r bution [14]. The r -c ntrol b s d odels focus on the co bi-
t n f h ystem c figuration and th ata-ra e provision as a function
o t e l ad dist ibution [15]. T e perfor ance model i then the optimized
solution t provid the demanded at -rate in the target area, below the best
m chi g sy co figu ati n.
C sid r g h requir ment o the rat (load) b sed model to have an
accur te a ur fo e c cell’s cap city, i this work we present a mat mat-
i l meth dology t c culat ata- a e provision for multi-user scenarios
fo ea h c ll ith flex ble system c nfigur ion parameters.
3. Pr blem S ate ent
s nti n , urpos of this work is to propose a methodology and
algori ms to accur ely es i ate the DL thr ugh ut o capaci y (C [bit/s])
of L E syst ms i r alistic scenarios that considers the degra ation that the
di↵ere t overhe d ec nis s prod ce
Intuiti ly, u er t r ug put increas s with he num r of useful RE dur-
i g giv time int v l of in erest. This time interval  t c n be either 1
TTI or 1 frame, dep nd g on the probl m at h nd (number of users, file
size to b ownlo d by any us r, e c.). In this paper w will label the total
umber of useful REs (that is, th s for us r data) during a time interval  t
by si g the ota ion:
 OFramRE, T %) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe A tRE, T and O tRE, T represent, r spectively, the total number of avail-
bl (all) and ov head REs within the time interval  t. Superscript  t
i not perfl ous sinc it will assi t s m deli g a variety of situation
with an u ified formalis . As will be mod led in this paper, some overhead
c mponents app r only once p r frame while thers are rep ted every TTI.
T proc ed fu the with LTE capaci y estim ion it is convenient to con-
side that not all the bits are used transp rt us r data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ical e hodology to calcul te the ata-rate pr vision f r multi-user scen rios
for e ch cell with flexi l system onfiguration paramet s.
3. Probl m Sta emen
As m ntio ed, the purpo of t is work is o propos m thod logy and
algorithms to accu at ly es imate the DL th oug pu or capacity (C [ it/s])
of LTE syst m realistic s narios hat considers the degradation that the
di↵ rent overhead ec anisms produce.
Intuitively, user throughput increases with th number of useful RE dur-
ing giv n time int rval of interest. This time interv l  t can be either 1
TTI or 1 fr me, dep ndin on the problem at hand (number of us rs, file
iz t be d wnload by ny user, etc.). In this pap we will la l the total
number of us ful REs (that is, tho e or us r data) during a time interv l t
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B dwidth, BW (MHz)
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Frame
E, T
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⇥ 100
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where A tRE, T and O tRE, T r res nt, r spectively, the total number of avail-
able (all) nd overhead REs within he time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a varie y of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only nce per frame while others are repeated every TTI.
To proce d furth r with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajrcategories.Thepower-ctrlbasemodelsstudythe
combinationofthesystemconfiguratioandtheserviceareaasafunctioof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfiguationandtheda-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthenhptimized
solutiontoprovidethedeandeddata-ratinthetargetare,belowthebest
matchingsystemconfigurati.
Consideringtherequirementoftherte(load)basedmodeltohavean
accuratemesureforeachcell’scapacity,intisworkwepresentmahemat-
iclmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatmet
Amentioned,thepurposeofthisworkistopropseamethodologyan
algorithmstoaccuratelyestimatheDLroughputorcapacity(C[bit/s])
oLTEsystemsrealisticcenristhcosidrhedegadationthatthe
di↵erntoverheadmechanismsprdue.
Intuitivly,userthougputincreaseswiththenumberofusefuldur-
ingagivenimeintervalofinterest.Thistimeiterval canbeiter1
TTIor1fam,dependingontheprobemahad(numbrofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaprwewilllabelthtotal
numberofusefulREs(tatis,thosefruserdata)duringatimeinterval t
byusingthnotation:
Overhedpercentage
wihrespecttheavailbleEs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
rereset,resetvly,thtotlnmberfvi-
able(ll)andoerheadREswithinthetimeinterval t.Supercript t
inotsuperfluossinceiillassisuinmodelngavrieyfsitutin
withanunifiedformalism.Aswillbemdeledinthispaper,soeoverhad
compontsapprolyonceperframewhilothersarerepeatedeveryTTI.
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemdelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfiguraionandtheserviceareasafunctionof
SINRdisributin[14].Therate-controlbasedmodelsfocusonhecombi-
nationofthesystemconfigurationandthedata-rateprovisionsfucion
oftheloaddistribution[15].Theperforancmodelisthentheoptized
solutiotoprovidethedemandedat-rateinthetargetarea,blowhebst
matchingsystemcnfigurio.
Consideringherequirementoftherate(lod)basedmodeltohavan
accratemeasureforeachcell’scapacity,nthisworkwepresentamhemat-
icalmethodologytoclculatethedata-ratepoisinformulti-usersenrios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthiworkistoprposamehodologyand
algorithmstoaccuratelyestimatetheDLthrougputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscearsthatconsidestedegradtionthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththnumberfusfulREdr-
ingagiventimeintervalofinerest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingotheproblemathand(numbrfsers,fil
sizetobedownloadbyanyuser,ec.).Inthispaperwewilllabelthetotl
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusinthenotatio:
Overheadpercentge
(withrespecttotheavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
R,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represt,repectively,thettanumberofavail-
ble(all)andoverheadREswithithetimeinterval t.Superscip t
isnotsuperfluoussincitillassistusinmodelingavarietyofsituaio
withanunifiedformalism.Aswillbemodeldinthispaper,someoverhead
componentsppearnlyoceperframehileothersarerpeteeveryTTI.
5
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
•
T
h
e
h
ig
h
es
t
sp
at
ia
l
m
u
lt
ip
le
xi
n
g
le
ve
l,
im
p
ly
in
g
2
co
d
ew
or
d
s
(q
=
1)
,
an
d
4
⇥
4
M
IM
O
(⌦
=
4)
.
26
Figure 5: Overhead e c nt ge (%), with r s c to A tRE, T, as a function of BW. Squared
s bols repres nts  OFrameRE, T(%)  OT IRE, T(%).
 O TIRE, T(%) O
Frame
RE, T
AFrameRE, T
⇥ 100
.2. nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. I fluence of Ng “PHICH Group Scali g Fact r”
As a function f BW...
6.4. Sce ario 1: single user. LTE Maximum DL Data-rate
W en th syste is c nfigured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides u with the exact amount of useful resources that can be assigned for
data-tr nsmissio .
Considering the maximum service provision capabilities of LTE, for max
data-rate calc lation, the f llowi g system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig re 10: (a) Throughput (Mbps) s a function of BW (MHz) parametrized by Ng =
1/6, 1/2, 1, 2, respe tively. (b) Throughput rel tive er or  Ng (%) defined in Ex ression 46.
Fig re 10 ( ) shows the throughput T TITOT (Mbps) as a funct on of BW
(MHz) param trized by Ng = 1/6, 1/2, 1, 2, resp ctively, whil Figure 10 (b)
r presents the relative err s made with respect to the best case (Ng = 1/6):
35
n Tabl 6). Howev r, de en in on he ra i c ann l qu i y or on the
scheduling t at gy, f r i stance, h numb of useful resourc s U tTOT will
vary. q es i s arising are to wh extent t ey ch nge and whether or
not th y have s bsta tial influences on the through ut fro an oper ive
vi wp nt. We begin hi re arc by ex lori g i fl e c of Ng.
9.2. Explori g t e influ nce of Ng on v r e d n ca a it
Figure 1 will sist u to quantify th infl enc of Ng.
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!!!!!!!!!!!!!!!!!Siomin
F r OFDMA-based ne work, such as LTE, the available models can be
seen in t o m jor categories. h power-control based models study the
combi tion of the system c nfig ra i n and the service area as a function of
SINR di tributi n [14]. T e rate-c ntrol based models focus on the combi-
nati of the ystem c nfigura ion and the data-rate provision as a function
o th load distri utio [15]. The perf m n e model is then the optimized
sol n provide t d manded d ta-ra e in th targ t area, below the best
matching syste config ion.
Con i ering he req irem nt of the rate (load) based model to have an
ac ur e measure f r e h c ll’s capacity, in this w rk we present a mathemat-
c l m h dology o c lculat he d a- a e provision for multi-user scenarios
for eac ell with flexibl sy t m c figuration p rameters.
3. P obl Stateme
As m ti n d, th purpos of s w rk to propose a methodology and
lgorith s o ccurately estimat he DL hroughput or cap city (C [bit/s])
f LTE system in realistic sce a i s t c nsiders he degradation that the
d ↵ere verhead m chanisms produ e.
I tuitively, user t o ghput increase wi he number of useful RE dur-
i g give time interval of interes . T is time interval  t can be either 1
TTI 1 f me, ep n ing on pro lem at and (numb of users, file
siz to b dow l a by y u r, e .). In his p per we will label the total
mber of us ful REs (t t is, t ose f r s r data) during a ime interval  t
by si g th nota i n:
 OFrameRE, T(%) = O
Frame
RE, T
AF a eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T r present, respectively, the total number of avail-
able (all) a ov h ad REs wi hin the time i terval  t. Superscript  t
i n t uperfluo si c i will s ist us in mode ing a variety of situation
with a fi f r lism. As will b mo eled in his paper, s me overhead
co p n t app ar o ly c p r f ame while others are repeate every TTI.
o roce d further wi LTE capacity estimation it is convenient to con-
si er t a not all th bits are us d to transport user data but also to detect
errors (for in t ce, Cyclic Redundancy Check (CRC) bits). The user data
5
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F r OFDMA bas network, such as LTE, available models can be
se in tw majo ategorie . he p wer- ontr l based models study the
combin tion of the syst m configura i n and he service area as a function of
SINR di ribu ion [14]. The rate-contro b sed mod ls focus on the combi-
a i f t sy tem c nfigu ati and the dat -rate provision as a function
of the lo d distri ion [15]. h perf rman e model is then the optimized
sol on to provide t d manded data-rate in he target area, below the best
ma hing syst m configur t on.
C i i g he requir m nt of the rate (load) based model to have an
accura m asu e for e ch ll’s capacity, in this rk we pr s n a mathemat-
c m hodol gy o calculate the d t - a pr vision for multi-user scenarios
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Frame
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⇥ 100
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with an ifi d for lism. As will be modeled in his paper, s me overhead
comp nent appear only once p r f ame whil others are repeate every TTI.
T proce d furt er i LTE capacity esti ation it is convenient to con-
si er t at not all he b ts re us d to transport user data but also to detect
errors (f r in nce, Cyclic Redundancy Check (CRC) bits). The user data
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For OFDMA-based n twork, s ch as LTE, the available models can be
s e in two majo c tegories. The ow r-con rol based mod ls study the
c binatio f e sy te configurat n nd the s rvice rea as a function of
SINR distributio [14]. Th rat -c n rol based od ls f cus on the combi-
at o f t e sy tem configuration a d the ata-rate pro ision as a function
of th l d dis ributio [15]. The perfor anc odel is then the optimiz
olution to provide t e dem nded data-r te in the target area, below the best
mat i g s t configuration.
Considering the requireme t of the rate (l ad) based model to have an
accurat asure for each cell’s capacity, in this work we present a mathemat-
ical ethodology t cal ulate the data-rat provision for ulti-user scenarios
or ach cell wi fl xible syst m configuration para eters.
3. Pr bl St te t
As ntione , t e pu p s f this work is to propose a methodology and
lgorith s to ccur te y st a e t e DL thr ghput or acity (C [ it/s])
of LTE syst s in realist c sce a ios that conside s the degradation that the
di↵er nt overhead mechanisms pr duce.
Intuitiv ly, user throughput increases with the number of useful RE dur-
ing a given time interval of in erest. This ime interval  t can be either 1
TTI r 1 ram , dep nding on the problem at hand (number of users, file
size to be d wnload by any user, tc.). In this pap we will label the total
number of useful s (tha is, those for user data) during a time interval  t
by us ng the notat n:
B dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 1 0
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
abl (all) nd overhead REs wi hin h time interv l  t. Superscript  t
is not superfluous si ce it will ass t us in modeling a riety of s t ation
wi h a unified for alism. As will be modeled in this paper, some overhead
compo ents appear nly once per frame while others are repeated every TTI.
T proceed further with LTE capacit estima ion it is conv nient to con
sid r that not ll th bi s are use to transp rt user data but also to detect
5
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Figure 5: Overhe d p r n ge (%), with respec to A tRE, T, s a fu c ion of BW. Squared
symbols r pr ents   FrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity f overhe on DCI l ngth LDCI
As a function of BW...
6 3. Influence of Ng “PHICH Grou Scaling Factor”
As a function of BW...
6 4. Scenario 1: singl u er. LTE M ximum DL Data- ate
When the system is configur d with its highest parameters and all the
available resourc are assigned to a ingle UE which is in the best reception
c diti s, the highest data- te provision can b expected. An accurate
overhead c lculations hat is customized with the system configuration, pro-
vides us wit t e exact amount of useful resources th t can be assigned for
data-trans ission.
Considering the maximum service provision capabilities of LTE, for max
data-rate cal ulation, the following system configuratio shall b applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I flu nce n c o pon t s f n ti of BW
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F r OFDMA-b sed n twork, s ch s LTE, the avail ble models can be
se n in wo maj categorie . he pow -control based models study the
co bin ti n of the syst m configura i n and the service area as a function of
SINR dist ibu ion [14]. The ate-co trol based models focus on the co bi-
ti of h syste co figuration and the dat -rate provision as a function
of he l d istri ution [15]. T e performan model is then the optimized
sol n t p ovid manded data-rat in the target area, below the best
m tch ng sys co figur ti n.
C nsi ring he r q ir f the rate ( oad) based model to have an
ccura e me u f r e ch c ll’s capacity, i this w rk we present a mathemat-
c l me hodology o calculat h data- e provision for multi-user scenarios
for ch ell with flexibl sy t m c nfig r ion p rameters.
3. P bl m S t nt
A tioned, the ur s of t is work s to ropose a methodology and
lgorith o accurat ly stimate e DL throughput or capacity (C [bit/s])
f LTE syst m in realistic sce a ios at c nsiders he degradation that the
d ↵ nt v ad m c ani ms prod .
In u iv ly, us r th ughput i cr as s wi he num r of useful RE dur-
i g a give ti e interval of in e . This time interval  t c n be either 1
TTI or 1 fr m , depen ing on he problem a han (numb of users, file
size to be dow load by a y u er, e .). In this paper we will label the total
n mber of u ef l RE ( t s, th e f r user ta) during a ime interval  t
by sing th ot t on:
 OFramRE, T %) = O
Fram
RE, T
AFra eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A tRE, T and E, T represent, respectively, the total number of avail-
ble ( ll) and ove he d REs w th n t e ti i terv l  t. Superscript  t
i n t perfluo ince i will ssist us i m deli g a variety of situation
wit an u ified for li m. As will be mo eled in his paper, s me overhead
o p nt a pear o ly once per f ame whi e o hers are repeate every TTI.
pr c d fu her wi LTE capaci y estima ion it is convenient to con-
s er that not all the are us d to tra sport user data but also to detect
rs (for inst nc , Cyclic Redundancy Check (CRC) bits). The user data
5
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F r OFDMA-bas netw k, such as LTE, the available models can be
e n in tw major categorie . he power-control based models study the
c mbi on f th ys m config i n a d the service area as a function of
SINR di r uti n [14]. T rat -con rol bas d models focus n the co bi-
n ti f t e ys c nfig ation d th d ta-rate provision as a function
f e l ad d stri ution [15]. The perfor an e model i then the optimized
sol o t provi t d ma d data-rate i t e target area, below the best
atc i g system confi ur tion.
Cons ing he requir t f th rate (load) based model to have an
ccurat me r for e ch cell’ capa ity, in is w k we present a mathemat-
cal me hod l gy lcul t th d ta- a e provision for multi-u er scenarios
for ac el with flexibl syst c nfiguration p ram rs.
3 P oble S t ment
mention d, th u f t is rk is t p opose a methodology and
lgo it s accurately st m te h DL throughput or capacity (C [bit/s])
f T system in realistic sce a i s at c ns ders he degradation that the
di↵erent o rhead mechanisms produ
I tuiti ely, u er hr ughput increases wi he number of useful RE dur-
i g give time in er al of er s . Th s tim n erval  t can be either 1
TTI or 1 fr e, depe ding on the problem at h (numb of users, file
size to b d wnl ad by a y user, .). In his pape we will label the total
u b r of s f l REs ( is, those for user dat ) during a ime interv l  t
by si g th n ta ion
 OTTIRE, T(%) = O
Frame
RE, T
AFra e, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w er A tRE, T a d O RE, T represent, respectively, the total number of avail-
able (all) nd ov ad REs within th ime i terval   . Superscript  t
is n t u erfluous sinc i will ssist us in modeling a variety of situation
with an ified for lism. As will be modeled in this paper, s me overhead
com n nt ap r nly once p r f ame whil others are repeate every TTI.
To proce d furt er wi LTE apacity estimation it is convenient to con-
i r t at not all the bits are us d to ra sport user data but also to detect
err rs (for inst ce, Cyclic R undancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siomin
For OFDMA-b ed netw k, such s LTE, the av ilable models can be
s en i wo ajor categ ries. The ower-con rol based mod ls study he
combination f th sy e configur tion and th service rea as a function of
SINR distrib ion [14]. The rate-control ased models focus on the combi-
nation of sy e c nfigu atio and he da a- ate p vision as a functio
f he lo d istribu ion [15]. The performanc mo el is the e optimized
oluti n to prov d the dem nded data-rate in th target area, below the best
matching ystem c nfig tion.
Consideri g the quire en of the e ( oad) based model to ha e an
accurat me ure for each c ll’s cap city, in this work we present a mathemat-
i l e odology to cal l te the data-rate provision for ulti-user scenarios
for each c ll with flexible system onfigurati n paramet s.
3. P bl m S me
s m ntione , th purpose of t i work is to propos methodology and
algorithms to accurat ly tima e the DL throughpu or paci y (C [ it/s])
of LTE syst ms in reali tic scenarios that considers the degradation that the
di↵er nt ov rhead mechanism produce.
Intuitively, u er thro ghpu increases with the number of useful RE dur-
ing a given time i t rval of interest. This time interval  t can be either 1
TI r 1 rame, dependin on the problem at hand ( umber of users, file
siz o be d wnloa by any user, etc.). I this pap r we will la l the total
umber of useful s (tha is, those or us r data) during time interv l t
by us g t e ta io :
B dw dth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe e A tRE, T and O tRE, T represen , respectively, the total number of avail-
ble ( ll) nd ov rhead REs within th time interv l  t. Superscript  t
is not u erfluous si ce it will assist us in modeling a variety of situation
with a unified for alism. As will be modeled in this paper, some overhead
components ap ear only onc per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sid r that not all the bits are used to transp rt user data but also to detect
5
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ForOFDMA-basednetwrk,suhasLTE,thevailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfiguraionandtheserviceareasafunctioof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecmbi-
nationofthesystemconfigurationadthdta-rteprovisionasafunctin
oftheloaddistributio[15].Thperfrncemodelistenteoptimized
soltotoprovidethedeandeddata-rateinthetargetarea,belowthebest
matchingsystemconfigration.
Consideringtherequirementofthrate(load)basedmodelohaven
accuratemesureforeachcell’scpacity,inthiworkwepresentamathemat-
ialmethodologytcalculatethedata-rateproviioformulti-userscenarios
foreachcellwithflexibleystemconfiguratinparamers.
3.PrblemStatem
Asmentiond,thepurpseofthiworkistoproposeethdolgyand
algoithmstoaccurtelyestimatetheDLthroughptorcpacity(C[bit/s])
ofLTEsystemsinrealisiscenaiosthconsiersthedegrdationthatth
di↵erentverheamechanismsprodue.
Intuitively,userthroughputicreseswiththenumberofuseflREdur-
inggiventimeintervalofintrest.Thistimeintervlnbeither1
TTIor1frae,pendingonthepoblmathand(nuberofusers,file
sizetobedonloadbynyuser,etc.).Ithisperwewilllabelthetotal
umerfusefulREs(thts,thoseforuserdata)durngatmeinterval t
byusngthnotatio:
Overhadpercentag
withrespecttothevailableEs
,BW(MHz)
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,(1)
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 t
E,T
andO
 t
RE,T
repsent,respectivelythtotlnumberofvail-
ble(ll)andoerheadREswithinthetieinterval .Suprscipt 
inotsuperfluussiceitwillasistinmoelngavariyfsituation
withanuifiedformalism.Aswillbemdledihipp,someovrhed
componntsapparolyonceperframewileohersarerpeatdeeryTI.
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Figure 5: Overhead perc ntage (%), with resp c to A tRE, T, as a function of BW. Squared
symb ls repres nts  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
2. nsitivity f overhead on DCI l ngth LDCI
As a function of BW...
6 3. Influ nce of Ng “PHICH Gr up S g F ctor”
As a fu ction of BW...
6 4. Sce ario 1: single r. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
c ditions, the highest data-rate provision can be expected. An accurate
overhead c lculations that is customized with the system configuration, pro-
vides us wit the exact amount of useful resources that can be assigned for
data-trans ission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig re 10: (a) Throughput (Mbps) as fun ti n o BW (MHz) para trized by Ng =
1/6, 1/2, 1, 2, respe tiv ly. (b) hr g put relative erro  Ng (%) efined in Expression 46.
Fig re 10 ) shows the throughput T TTITOT (Mbps) as a funct on of BW
(MHz) p rametrized by Ng = 1/6, 1/2, 1, 2, espectively, while Figur 10 (b)
r presents the relative errors mad with r spect to the best case (Ng = 1/6):
35
.
1.4 3 10 15 20
6.1. Influ c n pone fu o f BW
For 1.4 31%. RS s 9 ...
F r 20 MHz i 16%. RS 46%...
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For OFDMA-based network, suc as LTE, the available models can be
seen in two major categories. The power-contr l based models study the
combination of the system configur ion and the ervice area as a function f
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of he load distri utio [15]. The performa ce m del is th n the optimized
soluti n o p vid th de and d da a-rate in the target ar a, below the best
m tching syst m co fig ration.
Co sidering the requirem n f th r te (lo d) bas d o el to have an
accu a e measu e or h ell’s capacity, in this w rk w pr se t a at emat-
ic l eth dol gy to calc la e t e d t ra provisi n for multi-u er cenari
f c cell wi h flexible ys em co fi rat ar met .
3. Pr l S a en
As ti n d, e urpos f his work is t op se etho l gy and
l rithms c ra y estima th DL hr ugh or cap city (C [bit/s])
of LT s ste s listi cen ri s t t c sider t eg da io tha the
↵ e o h m cha s pr e.
I u tiv ly, s hr ughpu i cr s wi he nu b r f us ful RE dur-
i g g v n i e al f r t. T i ti in erv l   c n be either 1
TI 1 fr , d p n i n bl han (nu b r of u r , file
iz t do l b a y s r, etc.). I p r ill la l the total
f ful E (t t i f r s a) g i i v l  t
y i e a i :
  FramR , T(%) =
OF eRE, T
AF amR ,
⇥ 10
U tE, T = A RE,    tRE, , (1)
w AR , T d RE, T pr s , r ctiv , th t tal umber f avail-
bl ( ) v E t i erv l   . S perscript  t
is t p flu u i c i will assi u o l n v i ty of si uation
i n ifi for al sm. A il b o l d n t p p , som ove h ad
c p s pp r ly o p fra whil h s r t d ev ry TTI.
p f h w h L E c p ci s im t it is c nveni to con-
si t ot ll he bi s r s d o o u a t lso to de ect
(fo i s , Cyc c dund y Ch ck (CRC) bi s). The user data
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f r e h c ll h fl xibl s t c fig ti param te s.
3. P b S
As i e , t e p rpo f t s w rk t pr se a m t od lo y n
lg ri h o c t ly at t DL g p t capacity (C [bi /s])
f E ys m i li c c ri tha c side he eg a at n h he
di↵ re v d c i pr d .
I u i ly s h ough t i c as wi h ber of us ful E dur-
i a g v tim i e v l of inte s . T ti n v   i er 1
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z t lo d y y u , c.). I t s pap we i l b l e to l
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b o a ion:
B ndwid , BW (M z)
  TTIRE, (%) =
OFraE, T
AFraE, T
⇥ 100
U tRE T = A tRE, T    tRE, T, (1)
h e  RE, T and O tRE, T pres n , sp ctiv ly, t to l nu ber f avail-
ble (all) nd v he d REs wi the ti interv l   . S ersc pt  t
not sup rfluo s i c t ill ssist us in odeling a a iety f it ation
i unifi d f lis . A will be deled i this p per som over ea
o p s ppe r o ly o p r f e while others a e repe t d every TTI.
T proc e furt r wi h L E c aci y sti tio i is onveni o co -
sid r t t ot ll the bi s are se to trans rt us r a a but ls de ect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
senintwomajrcategories.Thepower-controlbasedmodelsstudythe
cmbinainfthesytemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesysemconfigurationandthedata-rateprovisionasafunctin
oftheloddistibution[15].Theperformancemodelisthentheoptimzed
solutionoprovidethedemandeddata-rateinthetargetarea,belowthebest
mcingsystemconfiguration.
Cnsideringtherequirementftheate(load)basedmodeltohavan
accuratmeasureforachcell’sapacity,inthisorkwepresentaathmat-
iclmethdologytoalculatetheta-rateprvisionformulti-uescenrios
freacellwithflexblesystemconfigurationprameters.
3.PleStateent
Asniond,thepurposeofthiswrkitopropoeamethodologyand
algrithstoaccuratelysimatethDLthroughputorcapacity(C[bit/s])
LTEsystemsinrealisticscnriosthatconsidersthdegradationthtthe
↵rvheadmchaismsproduce.
Inuiivly,usrthroughputincreaswiththenuberfusfulREdr-
inggivntmetrvalonterest.Thitimeinterval tcanbeither1
TTIor1fre,dependigontheproblmathand(nuberofuse,file
siztobwnloadbyanyuser,etc.).Inthisaperwewilllabelthetotal
nuberfusefulREs(thatis,thoseforuserdt)duringatimeinterval t
bysinghnotatin:
Overheadprcetge
withrpecttoheavailablREs
,BW(MHz)
O
TTI
,
(%)=
O
Frame
RE,T
A
Fram
RE,T
⇥100
U
 
RE,T
=A
 t
RE,T
 O
 t
RE,
,(1)
wereA
 
RE,T
adO
 
RE,T
reresnt,rspctively,thettalnumberofavail-
able(l)ndorheadREswithnhetimeinterval t.Superscript t
isouperflusiceiwillassistuinmodelngavarietyofsituation
wihanunifiedfrmalism.Aswillbemoeledinthispaper,someoverhed
coponntspperlyocperfraewhlethersarerepatedeveryTTI.
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Figure 5: O r e p c g (%), wi c to  t , T, a fu tio f BW. Squ red
symb ls r p s t  OFrameRE, T(%)  OTTIE, T(%).
 OTTIRE, T(%) = O
Fr me
RE, T
AFra eRE, T
⇥ 100
6.2. S nsitivity of ov r DCI l g h DCI
As f nc i n of BW...
6.3. Influ nc of Ng “PHICH G up Sc li g F t r”
As fun ti n of BW...
6.4. Scen rio 1: ingle user. LTE M xim m DL Data-r te
When the syste is c nfigured with its highest parameters and all the
available r sources are assigned to a ingle UE which is in t be t re epti n
conditions, the highest data-r te provision c n be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of us ful r o rces that can be as igned for
data-transmission.
Considering the maximum service provision p bili i s f LTE, f r m x
data-rate calculation, the following system configura ion shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figur 3.10: (a) Thr ughput (M ) fu cti f BW (MHz) par e r z d y
Ng = 1/6, 1/2, 1, 2, c i l . (b) Thr u p re a iv "Ng(%) d fin n
Expr i .47.
"Ng(%)
.
=
TTOT|(Ng= /6)   T OT|Ng
TTOT|(Ng=1/6)
· 100 (3 47)
Note that "Ng=2 4%. h is, orking it the ase in ich Ng = 2 (a
worst case t at aximizes i s co re p di g verhe d) nly r duces th eak bi
rate in ⇡ 4% wh n c mp r d t a mp d w n u i g N = 1/6 b t case).
Thi wo t ca e leads to a bi r e 303 bp (usi g Ng = 1/6). If we o si r s
accept bl a m x mu err r f 4%, th will p vide s a a afety factor that includes
the possibility of using n llow v l Ng. T is s why we c sider enceforth
Ng = 2 si ce it i a conservative desig (w rst ca e) that, from a practical point of
view, u de est mat very slightly the pe k-data r te.
3.9.3 Influence of MAT and resource allocation types
As described in Section 3.3.2, multi-antenna technologies allows for increasing
throughput. These techniques depend on he number f transmitting ante nae (n),
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number of layers (M), and the number of transmitted codewords q. As summarized
in Table 3.4, they determine the value of ⌦, related to the number of streams.
In turn, the scheduling type and DCI format to be used are related to the multi-
antennae and multi-layer transmission scheme selected (Table 3.5).
Regarding these interrelated factors, Figure 3.11 shows the peak data rate (Mbps)
as a function of BW (MHz), parametrized by n and the allowed values for q in each
configuration. This leads to the five possible cases represented: 1) SISO, with n =1
and q = 0. 2) 2⇥ 2 MIMO and q = 0. 3) 2⇥ 2 MIMO and q = 1. 4) 4⇥ 4 MIMO
and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. As has been justified in Subsection 3.9.2,
we have assumed the worst case Ng = 2 since it leads to a bound with "Ng=2 . 4%.
Figure 3.11 shows that:
1. For q = 1 (that is, using two codewords), introducing MIMO schemes with
q = 1 –green and blue bars– leads to superior performance than that of SISO
(n = 1) for any BW value.
2. However, for q = 0 (using only 1 codeword), introducing MIMO schemes –red
and yellow bars– leads to worse throughputs. For instance, if we focus on
those results marked by F symbol for BW = 20 MHz, the peak data rate for
SISO (n = 1, grey bar) is ⇡ 85 Mbps, which is greater than the one of 2 ⇥ 2
MIMO with q = 0 (⇡ 82 Mbps, red bar), and 4 ⇥ 4 MIMO with q = 0 (⇡ 77
Mbps, yellow bar). This is because of the additional reference signal resources
that are imposed by higher order transmission schemes, which increase the
percentage of overhead RE with respect to the available ones. This has sense
because, as stated by Expressions (3.17) and (3.18), once the BW has been
selected (and thus NRB), NRS|(1 TTI) = 8, 16 and 24 for n = 1, 2, 4, respectively.
For completeness, Figure 3.12 shows the the way the di↵erent overhead compo-
nents have a di↵erent impact on the total overhead as a function of n, and reveals:
1. In the three transmitting configurations, for BW   5 MHz, the dominant
overhead components are, at great extent, ORS and, to a lesser extent, OPHICH.
2. For BW < 5, the overhead components exhibit di↵erent behaviors, which are
not easy to generalize. The e↵ects are particularly clear at BW = 1.4 MHz.
As n reduces –when going from Figure 3.12 (a) to figure (c)–, the influence of
 OPDCCH increases in the detriment of  ORS:
  For n = 4,  ORS ⇡ 52% and  OPDCCH ⇡ 25% (out of the total overhead)
  For n = 2,  ORS reduces up to 42% while  OPDCCH rises up to ⇡ 30%
  For n = 1,  OPDCCH becomes clearly dominant (⇡ 38%) when compared
to the others.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
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TTI
RE,T
(%)=
O
Frame
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RE,T
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,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
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6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluenceoneachcmponentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.PrblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
 O
Frame
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
sidertatnotallthebitsareusedtotrnsportuserdatabutalsotodetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavilablemodelcanbe
seenintwomajrcategories.Thepower-controlbasdmodelstudythe
combinatinofthesystemconfigurationantheservceareaasafunctionf
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprvisionasafunction
oftheloaddistribution[15].Theprformanemodelisthentheoptimized
solutiontoprovidethedemandedda-rateintheargetarea,belowthebest
matchingsystemonfiguration.
Consideringtherequirmentoftherate(load)basedmodeltohavean
accuratemeasureforachcell’scapacity,inthisworkwepresentamathemat-
clmethodologytocaculatthedta-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioed,theprposeofthisworkistoproposeamethodolgyand
algorithmstoaccuratelyestimatetheDLthrougpuorcapacity(C[bit/s])
ofLTEsystemsinrelisticscenariosthatconsidersthedegraationthatthe
di↵erntoverheamechanismsproduce.
Intuitively,userthroghputincreaeswiththenumberofsefulREdur-
ingagiventimeintrvalofiterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nuerofusefulREs(thatis,thoseforserdata)duringatimeinterval t
byusingthenotation:
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
reresent,respectively,tetalnumberofavail-
able(all)andoverhREswithinthetimeinterval .Superscript t
isnotsuperfluoussineitwillassistusinmodelingavarietyofsituation
withanunifiedformalism.Aswlbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
TproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotdetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfcusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkepresentamathemat-
icalmethodologyocalculatethedata-rateprovisionforulti-usrscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioed,thepurposeofthisworkistoproposeamethodologyand
algorithstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thais,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Bandwidth,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyfstuation
withanunifiedforalism.Aswillbemdeledinthispaper,someoverhead
compoentsappearonlyoceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwihLTEcapcityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotrnsportuserdatabtalsotodetect
5
!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
w
ith
resp
ect
to
th
e
availab
le
R
E
s
,
B
W
(M
H
z)
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
is
p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
are
rep
eated
every
T
T
I.
5
!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
(w
ith
resp
ect
to
th
e
availab
le
R
E
s)
,
B
W
(M
H
z)
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
is
p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
are
rep
eated
every
T
T
I.
5
Figure5:Overheadpercentage(%),withrespcttoA
 t
RE,T
,asafunctionofBW.Squared
symbolsreprsnts O
Frae
RE,T
(%) O
TTI
RE,T
(%).
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥00
6.2.SnsitivityofoverheadoDCIlengthL
DCI
AsafunctionofBW...
6.3.InfluenceofN
g
“PHICHGroupScalingFactor”
AsafunctioofBW...
6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
Whenthesystemiscnfiguredwithishighetparametrsandallthe
availableresourcesareassignedtoasilUEwhihsinthebestrecepton
conditions,thhighestdata-rateprvisioncanbexpected.Anaccurate
overhadcalculationsthatiscustomizedwiththesystemconfiguration,pro-
videsuswiththeexactamountofusefulresourcesthatcanbeassignfor
data-transmission.
ConsideringthemaximumserviceprovisincapabilitiesofLTE,formax
data-ratecalculation,thefollowingsystemconfigurationshallbeapplied:
•ThehighestBWof20MHz(N
RB
=100andP=4)
•Thehighestspatialmultiplexinglevel,iplying2codewords(q=1),
and4⇥4MIMO(⌦=4).
26
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
26
Peak%data%rate%(Mbps)
n
=
4
n
=
2
n
=
1
F
ig
u
re
11
:
P
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
an
d
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
=
1,
2,
an
d
4,
re
sp
ec
ti
ve
ly
.
P
ea
k
d
at
a
ra
te
,
T
(M
b
p
s)
T
h
es
e
fi
gu
re
s
re
ve
al
th
re
e
fa
ct
s:
1.
In
th
e
th
re
e
tr
an
sm
it
ti
n
g
co
n
fi
gu
ra
ti
on
s,
fo
r
B
W
>
5
M
H
z,
th
e
d
om
i-
n
an
t
ov
er
h
ea
d
co
m
p
on
en
ts
ar
e,
at
gr
ea
t
ex
te
nt
,
O R
S
an
d
O P
H
IC
H
.
36
0"
10"
20"
30"
40"
50"
60"
1.4" 3" 5" 10" 15" 20"
O_PCFICH" O_PHICH"
O_PDCCH" O_RS"
30"
40"
50"
60"
70"
80"
 
OT
T
I
co
m
p
i(
%
)
=
y using the notation:
Bandwidth, BW (MHz)
 OTTIPDCCH  OTTIRS
 OTTIPHICH OTTIPCFICH
1.4 3 5 1
Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes clearly d minant (⇡ 38%) when com-
pared to th others.
Figure 15 represents the peak da a rat (Mbps) as a function of BW
(MHz), parametrized by the nu ber of transmit ing antennas, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
the e calculations, Ng as be n assumed Ng = 2 because of the conservative
design criteria mentioned before (since we have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
with q = 1 (two codewords) is superior to SISO in all the BWs, however,
this is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak data rate for SISO is ⇡ 85 MHz, which is g ater
than the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
1, q = 0
2⇥ 2, q = 0
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
39
4⇥ 4, q 0
2, q 1
4⇥ 4, q = 1
5" 12"
21"
42"
63"
85"
4" 12"
20"
40"
61"
82"
9"
23"
39"
79"
120"
160"
4" 11"
19"
47" 58"
77"
16"
42"
73"
149"
226"
303"
0"
50"
100"
150"
200"
250"
300"
350"
1.4" 3" 5" 10" 15" 20"
n"="1,"q"="0" 2 x"2,"q"="0"
2"x"2,"q"="1" 4"x"4,"q"="0"
4"x"4,"q"="1"
LTE BW (MHz)
P
ea
k
d
at
a
ra
te
(M
b
p
s)
Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), parametrized by the number of transmitting antennas, n. Considering the allowed
values for q in each configuration, we have represented he following fiv cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi h q = 0. 5) 4⇥4 MIMO with q = 1. In the e calculations, Ng has been as umed
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bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference sig al
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
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Figur 3.11: Lo er b un (Ng = 2) of the eak data rate (Mbps) as function of
BW (MHz), para trized by n and q: 1) SISO, with n = 1 nd q = 0. 2) 2 ⇥ 2
MIMO with q = 0. 3) 2⇥ 2 MIMO with q = 1. 4 4⇥ 4 MIMO with q = 0. 5) 4⇥ 4
MIMO with q = 1.
3.9.4 Maximum num er of UE per TTI, NTTIiUE |MAX
As explained in Section 3.7, the computing overhead methodology presented in
this paper is also useful to ompute th maximu number of UEs that can be
scheduled in each TTI. This feature is di↵erent from the maximum number of users’
equipments supported by a cell, as the active users can be scheduled in distributed
TTIs.
Based on Expression (3.36), Figure 3.13 shows the maximum number of us rs
per TTI, NTTIiUE |MAX, parametrized by Ng = 1/6, 1/2, 1, 2, as a functio of BW, for
di↵erent configurations: SISO (a); 2⇥ 2 MIMO with q = 0 (b) and q = 1 (c); 4⇥ 4
MIMO with q = 0 (d) and q = 1 (e). Not that in SISO we have considere nly
q = 0 because in SISO only 1 codeword is allowed.
Aiming at explaining the influence of parameter variation in Figure 3.13, the
following discussion is based on increasing the value of one parameter (for instance,
n) while those of the other two are kept constant (BW, and q). The process is
repeated to analyze all the parameters involved. We use " symbol to represent such
an increment. With this in mind, Figure 3.13 shows that:
  Increasing the number of antennae n reduces the maximum number of users
per TTI, NTTIiUE |MAX, because it requires a higher OTTIRS . This is evident when
comparing (a), (b) and (d). For instance, for Ng = 2, N
TTIi
UE |MAX reduces
from 21 users per TTI (SISO, in Subfigure (a)) to 17 users per TTI (4 ⇥ 4
MIMO and q = 0, in Subfigure (d)). This has sense because as n " ) " OTTIRS
(Expression (3.18)) ) "   (see Expression (3.30)) ) NTTIiUE |MAX # (as stated
by Expression (3.18)).
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where subscript “comp i” refers to any of the overhead components (RS,
PDCCH, etc.), either at TTI level (superscript “TTI” in Exp. (38)) or at
frame level (superscript “frame” in (39)).
Using metrics (38) and (39), Figures 11 and 12 show the relative contri-
bution of each component computed, respectively, at TTI scale and at frame
scale.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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Intuitively, user throughput increases with the number of useful RE dur-
ing a given time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influence on each component as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w ere A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs wit in the tim i terval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As wil be modeled i this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits ar us d to transport user data but also to detect
rrors (for instance, Cyclic Redundancy Check (CRC) bits . The user data
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!!!!!!!!!!!!!!!!!Siomna
ForOFDMA-basednetwork,suchasLTE,thevailablemodelscanbe
seenintwoajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfiguraionandthedata-ratprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringherequirementoftherte(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationprameters.
3.ProblemStateent
Asmentioned,thepurposeofthisworkisoproposeamethodologyand
algoithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradatonthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputinreaseswiththenumberofusefulREdur-
ingagiventimeinervalofinterest.Thistimeinterval tcanbeeithe1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobdownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with re pect to A tRE, T, as fun tion of BW. Squared
symbols represents  OFrameE, T(%)  OTTIRE, T(%).
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-con rol based models focus on the combi-
ation of the system configuration nd the data-rate provision as a function
of th load distribut on [15]. The perf rmance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configur ion.
Considering the requi ement of the rate (load) based model to have an
accurate measure for ach cell’s capacity, in this work we present a mathemat-
ical methodol gy to calculate the dat -rate provision for multi-user scenarios
for each c ll with flexible system configuration par meters.
3. Problem State ent
As mentio ed, the purpose of this ork is to propose a methodology and
algorithms to accura ely estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵er nt overhead mechanism produce.
I tui ively, user hr ughput incr ases with the number of useful RE dur-
i g a give time interval of interes . This time interval  t can be eithe 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size o be download by any user, etc.). In this paper we will label the total
mber of u eful REs (that is, tho e fo user da ) during a time interval  t
by u ing the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
omponents appear only once per frame while others are repeated every TTI.
To proc ed furt er with LTE capacity esti ation it is convenient to con-
sider that not all he bits are used to ranspo t user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinaionofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Coniderigtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcll’scapaciy,inthisworkwepresentamathemat-
icalmethoologytocalculatthedata-reprovisionformulti-scenarios
foreachcellwithflexiblsysemcofigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswithtenumberofusefulREdur-
ingagivntimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thas,thoseforuserata)duringatimeintrval t
byusingthenotation:
Ovrheadpercentage
withrespectttheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,resectively,thetotalnumberofavail-
abl(ll)andorheadREswithinthetimeintrval t.Superscrip t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withnunifiedformalism.Aillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoprposeamethodologyand
algorithmstoaccuratelyestimaetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenaristhatconsidersthedegradationthathe
di↵erentoverheadmechanismsroduce.
Intuitivly,userthroughputincreaseswiththenumberofusfulREdur-
ingagiventimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemthan(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispapewewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotatin:
Overheadpercentage
(withrespecttotheavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
represet,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetimeinteval t.Suerscript t
isnotsuperfluussicitillassisusinelngavarietyfsituation
withaunifiedformalis.Aswillbemodeldinthispaper,somoverhead
componentsappearonlyonceperframewhileothersrerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead n DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Sc nario 1: ingle user. LTE Maximum DL Data-rate
Wh n he sys e is configured with its highest param ters and all the
available resources are assigned to a single UE w ich is in the best reception
conditions, the h ghest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with he xact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ c n each co p nent as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS i 46%...
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For OFDMA-based netwo k, such as LTE, the available models can be
seen in tw major cat gories. The power-control based models study the
combination of the ystem configuration nd the service area as a function of
SINR istribution [14]. The rate-control bas d models focus on the combi-
nation of he sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf rma ce model is then the optimized
olution to provide the demanded data-rate in the target area, bel w the best
a ching sys em configurati .
Co ide ing the r quireme of the rate (lo d) based model o have an
accurate measure for each cell’s capacity, in this wo k we pr sen a ma hemat-
ical ethodology to calculate e data-rat provision for multi-user scenarios
for e ch ell with flexibl system configu at on parameters.
3. Probl m Statement
As ntio ed, the purpose of this work is to p opose a methodology and
algorithms to ccurately stimate th DL throughput or capacity (C [bit/s])
of LTE syst s in rea istic scen rios hat consid s degradati n tha the
di↵erent verhead echanisms produce.
Intuitively, use throughput increases with the number of useful RE dur-
g a giv time int val of interest. Thi time i terval  t ca be either 1
TTI or 1 frame, dep nding on the probl m at hand (number of users, file
s ze to b wnl ad by any us r, etc.). In this ap r we will label the total
nu ber of useful REs (th t is, th se for us r data) duri g a time interval  t
by usi g the notati n:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh A tRE, T a O tRE, T repr sen , respectiv ly, th total number of avail-
able (all) an ov head REs within th time interval  t. Superscript  t
is ot superfluous since it will assist us in modeli g a varie y of situation
with an unified formalism. As will be modeled in this paper, some overhead
co ponents appear only on per frame while o ers are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to tra sport user data but also to detect
rors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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For OFDMA-based network, such as LTE, the available models can be
seen in t o major categories. The power-control bas d mo ls study t e
c mbinati n of the system confi uration and the service area as a function of
SIN di tribution [14]. The r -control based models focus on the combi-
nation f t e sy tem co figuration and he data-rat provision as a function
of h load distribution [15]. The performan e model is then the optimiz d
solution t provide the demanded data-rate in the targ t area below the best
mat hi g yste config ration.
Considering the requirement of he rate (load) based model to have an
ccurate measure for each cell’s capacity, in this work we present a mathemat-
ic l methodology to calc late the data-rat provision for multi user scenarios
for each cell wi h flexibl system configuration parameters.
3. Problem Statement
As m ntioned, the purpose of this work is o p op se a methodology and
algorithm o acc ately sti ate th DL thr ughput or capacity (C [bit/s])
of LTE yst s in realistic scen rios that c nsiders th degradati n that the
di↵ere t ov rhead echanisms produ e.
Int itively, user throughput increases with the number of useful RE dur-
ng a given ti e interval of interest. This tim interval  t can be either 1
TTI or 1 f a e, dependi g on th problem at hand (number of users, file
size to be downl ad by any user, etc.). In this pa er we will label the total
nu ber of useful REs (t t is, th for user data) du ing a time int rval  t
by using the notation:
 OTTIRE, ( ) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and ov rhead Es within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalis . As will be modeled in this paper, some over ead
components appear only onc per frame while others are repe ted every T I.
To proceed further with LTE capacity estimation it is convenient to con-
si er that not all the bit are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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For OFDMA-based network, such as LTE, the availabl m dels can be
seen in two major categories. The ower-control based mod ls study he
combi ation f the system configuration and t servic area as a function of
SINR distribution [14]. The r te-control b sed mod s focus on he combi-
nation f the system configuratio and the data-rate pr visi n as a function
of the l ad stribution [15]. The performance model is then the optimized
solution to r vi e the demanded data-rate n the targ t area, bel w the best
matching system configuration.
Consi eri g the requirem nt of t e rate ( oad) bas d model to have an
accurate measure for each cell’s capacity, in this work we present a mathe at-
ical me hodology to calculate the dat -rate pro ision for multi-user scenarios
fo ea h cell with fl xible syste configurati par meters.
3. Probl m Statement
s mentioned, the urpose of this w rk to propose a metho ology nd
alg rithms o accurat l estimate the DL throughput or c pacity (C [ it/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produ .
Intuitively, user throughput increases with the number of useful RE dur-
ing a given time interval of interest. This ime interval  t can be either 1
TTI or 1 frame, depe ding on the problem a hand ( umber of users, file
size to be dow load by any user, etc.). In this paper we will label the total
number of u eful REs (that is, th se for user data) during a time interval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T nd O tRE, T represent, respectively, the to al umber of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unifi formal m. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation t is convenient to con-
si er t at not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
senintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodlsfocusonthecombi-
nationofthesysteconfigurationandthedata-rteprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingystemconfiguration.
Consideingtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystesinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,uethrougputincreaseswiththenumberofusefulREdur-
ingagiventmeitervalofinterest.Thstimeinterval tcanbeeither1
TIor1frae,dependingontheproblemathand(numberofuers,file
siztobedownloadbyayusr,etc.).Intispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdaa)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheA
 t
RE,T
andO
 t
RE,T
rpresent,rspectively,hettalnuberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
snotsupefluoussinceitwillassistuinodelngavarietyofsituation
witanunifiedformalism.Asillbemodeledinthispper,someoverhead
copontsappearolynceperframewhilthersarerepeatedeveyTTI.
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Figure 5: Overh ad percentage (%), ith res ect to  tRE, T, as a function of BW. Squared
symbols repr sents  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity f overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. S nari 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assign d to a si gle UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
over ead calc lations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that an be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Overhead percentage (%) with respect to A tRE, T, as a function of BW. Squared
symbo s represents  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensitivity of overhead on DCI length LDCI
As a function of BW...
26
6.1. Influence on each compo ent as a fu ction of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the co bi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solu ion to provide the demanded data-rate in the arget rea, bel w the best
matchi g system configuration.
Considering the requir ent of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical m th dology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameter .
3. Problem Stateme t
As m t oned, the purp s of this ork is to pr pose a methodology and
lgorith s t accura ely estimate the DL throughput or capacity (C [bit/s])
of LTE syste s realistic sc narios that onsiders the egradation that the
di↵eren ov rhea mecha sms produce.
Intuitively, user throughput inc eases with the numb r of useful RE dur-
i g a give tim interval of interest. This tim interval  t can be eit r 1
TI r 1 fr me, depending on the problem at hand (nu ber of users, file
size to be ownload by ny user, etc.). In this p per we will l bel the total
numbe of seful REs (that is, those for user data) during a time interval  t
by using th notation:
 OFrameRE, T(%) = O
F ame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T repr sent, r spec ively, the total n mber of avail-
able (all) and overhead REs within th time interval  t. Sup rscript  t
is not s perfluous since i will as ist us in mod ling a vari ty f situa ion
with an nified formalism. As will b m deled in this paper, some ov rhead
components app ar only once per frame while others are rep ated every TTI.
To rocee further wi h LTE cap city estimation it is conveni nt to c n-
sider that not all the bits ar used t transport user data but also to detect
er ors (fo nst nce, Cyclic Redundancy Check (CRC) b ts). The user dat
5
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscane
senintwoajorcategories.Thepower-contrlbasedmodelstudythe
ombinationofthsystemcofigurationandteserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
atinofthesystemconfigurationandthedata-rateprovisionasafunctin
ofthelddistribution[15].Theperformancmodelisthentheoptimized
olutiotoprovidthedemandeddata-rateinthetargetarea,belowthebest
matchingsstmconfiguration.
Consideringthrquiementoftherate(oad)asedmdeltohavean
accuatmasrforeachcll’scapaciy,inthisworkwepesentamathemat-
icalehodlogyocalclaethedata-rateprvisionformlti-uerscenarios
foreachcellwihflexiblesytconfiguratinparaters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposemethodologyand
algorithmstoaccuratlyestimatetheDLthroughputorcapcity(C[bit/])
ofLTEsysminrlisticscenriosthatconsidersthedgradationthtte
i↵eretveradmechanismsprodce.
Intuitivly,usrthroughutincraseswiththnumberofusefulREdur-
ingagiventimintervalofinteres.Thisiminterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofsers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetoal
numberofusefulREs(thatis,thoseforusedat)duringatimeinerval t
byusingthenotaion:
Overheadpercentag
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fram
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
ndO
 t
RE,T
represent,respectively,thetotalnumberofvail-
able(ll)adoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluousinceitwillassistuinmodelngavarietyofsituation
withannifiedformalism.Aswillbeodeledithispaper,someverhead
componntsappearolyonceperframwhileothersarerpeatedeveryTTI.
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavilablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
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isnotsuperfluoussincitillassistusinmodelingavarietyofsitution
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componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The ra e-con rol based models focus on the combi-
ation of the system c figuration n he data-rate provision as a function
of th load distribut n [15]. The perf rmance model is then th optimiz d
solutio o rovide the demanded data-rate in the target area, below the best
matching system configur ion.
C nsidering the requi emen of the rate (load) based model to have an
accura measure for ch cell’s c pacity, in this work we present a mat emat-
ical methodology t calcula e th data-rate pr vision for multi-u r scenarios
for ach c ll with flexible ystem onfiguration paramet s.
3. P ble State ent
As m tio e , the purpose of this ork is to propose a methodology and
algorith s to cc ra ly estim te the DL throughput or capacity (C [bit/s])
of LTE systems i realistic scen ri s t at c nsiders the d gr dation that the
di↵ere t overhead echanisms produce.
Intuitively, er throughput increas s with the number of useful RE dur-
i g a give t me in erv l of int res . This tim interval  t can be either 1
TTI or 1 frame, dep nding on th problem at hand (num er f users, file
size t b downlo d by any user, etc.). In this ap r w will label the to al
mb of u eful REs ( ha i , tho e fo user data) during a ime interval  t
by using the notat on:
 OFr meRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
her A tRE, T a d O RE, T repres nt, respectively, the total number of ava l-
able (all) and overhead REs within t e ime interval   . Sup rscript  t
is not superfl o s since it will as ist us in odel ng a a iety of sit ation
ith an u ified for alism. As wi l be mod led in this paper, some overhead
c mponen s pp ar only once per fra e w il o ers are repeated very TTI.
To proc ed further with LTE capacity e imation it is conveni nt to con-
sider that not ll the bits are used transport user dat but also to det ct
errors (for in tance, Cyclic edundancy Ch ck (CRC) bits). The u er data
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seen in two major ategories. The power- ontrol based mo els study the
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f the load distribution [15]. The perfo mance m del is then th ptimized
soluti n to provide th demanded data- e in the rget a e , below the best
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Con i eri g th requirement of th a (l ) based model t have an
accur te measur f a c ll’s c paci y, in this wo k we p es n a m themat-
ical m thodol gy to calcu e th data-rat pr vision for multi-user scenarios
for a h c ll with flexible system configuration parameter .
3. Probl m St eme t
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of L E ys ems in re lis ic scenarios t at consider he degradation that the
di↵erent verhead chani ms produce.
In uitively, u er throug put increa es with h umbe of useful RE dur-
i g a given ti e interval of interes . This ime i terval  t can b ei her 1
TTI or 1 frame, depending n the pr bl m t ha d (number of users, file
size t be d nload by ny user, etc.). In this paper w will label the total
umber of useful REs (that s, those fo s r da a) du ing a tim interval  
by using the notatio :
 OTTIRE, T(%) =
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T re resent, res ectively, the total number of av il-
able (all) and verhead REs within the ti e int rv l  t. Superscript  t
is not superfluous since it will ssist us i modeling a v iety f situ tion
with an unified formalism. As will be m deled i this per, ome overhead
components appear only once per fram while o h rs are rep ated every TTI.
To proceed further with LTE c pacity estimation it is conv nient to con-
sid r that not all the bits are used o tr nsport user data but als to detect
err rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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F r OFDMA-based network, such as LTE, he av ilable models can be
s en in two m jor categ r s. The wer- ontrol based mod ls study he
combina i of th system co figur tion and the service are as a function of
SINR distribution [14]. The rat -co tr l based models focu o the combi-
nati n of the system c nfiguration and the data-rate pr vision as a func ion
of the l ad di tributio [15]. T e perform nce model is then he opti ized
solution o prov de t e d m ded d ta-ra e in the target ar a, b low the best
matching system configuration.
Considering the equirement of the rate (load) b sed model to have an
accurate measure for each cell’s capa ity, in this work w present a m themat-
ical method logy to alculate the data-rate provision for m lti-user scenarios
fo e ch cel with flexible system configuration param ers.
3. Proble Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithm to accurat ly estimate t e DL throughput or capacity (C [ it/s])
of LTE syst ms in realistic scenari s that co si rs the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, us r throughput increases with the umber of u eful RE dur-
ing a given time interval of interest. This time int rval  t can be either 1
TTI or 1 frame, depe ding on e problem at h d (number f us s, file
size t be dow load by any user, tc.). In this paper we will label the tot l
number of useful REs (that is, those for user data) during a time interval  t
by s g the not tion:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) nd overhead REs within the time int rval   Superscript  t
is no superfluous since it will ssist us in modeling a vari ty of si u ti n
with an unified formal sm. As will be modeled in th s paper, some overhead
components app ar o ly once per frame while other ar repeated every TTI.
To proce d further with LTE capa i y stimation it is conve ient to con-
sider th t not all the bits are used to transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
cmbinationofthesysemconfigurationandtheservieareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystmconfigurationanhedat-ratprovisionasafunction
oftheloaddistribution[15].Tperformancemodelisthentheoptimized
solutiontoprvidetedemandeddata-rateinthetargetarea,belowthebest
matchingsystmconfiguion.
Consideringthrquirementftherate(lod)basedmodeltohavean
accuratemeasureforechcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalclatethedata-rateprovisionformulti-userscenarios
foeachcellwithflexiblsystmconfigurationparameters.
3.ProblemStatement
Amentioned,epurposofthisworkistoproposaethodologyand
algorithmstoaccratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenriosthatconsidersthedegradationthatthe
di↵erentoverhadmechanismsproduce.
Ituitively,userthroughputincreaseswiththenumerofusefulREdur-
ingagiventimeintervofiterest.Thistimeinterval tcnbeeither1
TTIor1frame,dependingontheprobleathand(umberofusers,file
sizetobedownloadbyanyuser,ec.).Inthispaperwewilllabelthetotal
numberofusfulREs(thatis,thoseforuserdata)duringatimeinterval t
bysingthenotation:
Overheadercentage
withrspcttotheavailblREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 t
RE,T
rpreent,resectively,thetotalnumberofavail-
abl(ll)andorheadREswithinthtimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsiuation
withunifiedforalism.Aillbemodeledinthispaper,someoverhead
compontsapperolyoncperframewhilehersarerepeatedeveryTTI.
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solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratmeasureforeachcell’scapacity,inthiswrkwepresentamathemt-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
freachcellwithflexiblesystemconfigurationparameters.
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Figu e 5: Ove h d erc age (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents   FrameRE, T(%)  OTTIRE, T( ).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S s tivity f overhead on DCI length LDCI
As a fu ctio f BW...
6.3 Influence of Ng “PH CH G up Scaling Factor”
As a function of BW...
6.4. Scenario 1: single ser. LTE Maximum DL Data-rate
When the system is co figured with its highest parameters and all the
available resources are assigned to a si gle UE hich i i t e best reception
conditions, the highest ta-r t provision c n be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest B of 20 MHz (NRB = 100 and P = 4)
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6.1. nflu ce n eac co pon nt as a funct on of BW
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!!!!!!!!!!!!!!!!!Si mina
For OFDMA-based netwo k, such as LTE, the available models can be
seen in w major cat gories. The power-control based models study the
combination of the ystem configura ion nd the service area as a function of
SINR istri uti [14]. The rate-co trol bas d models focus n the combi-
na io of e sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf r a ce model is then the optimized
olutio t provi e th d ma d t -rate in the targ t are , bel w the best
a ching sys em configurati .
Co ide ing he r quireme of the rate (lo d) based model o have a
ac ura e mea ure for ea h cell’s capaci y, in this wo k we presen a ma mat-
ic l eth d logy to calcula e ata-rat provision for mult -u r cenarios
for e ch l with flexibl system o figu at on para et rs.
3. P obl m Statement
As e ti ed, th p rpose of this work is t p pose m thodol gy and
algorith s to acc r ely estim t the DL throughput or c paci y (C [b t/s])
of LTE syst ms in r alistic scen rios that consid rs d gradatio that the
di↵ r t verh echanisms produce.
Intuitively, hroughput incr ses with the u ber of useful RE dur-
i g a giv time int v l of int res . Thi time i t rval  t ca b either 1
I or 1 fr me, dep nding on th probl m t h nd (number of users, file
s ze t b w l ad by a us r, c.). In this aper we will l bel the t al
n mb of useful REs (th t i , th se for user da a) d ri g a ti e interval  t
by u i g th notati n:
 OFr meRE, T(%) = O
Fr me
RE, T
AFrameR , T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
wh re  tRE, T a O tRE, T repr sen , respectiv ly, th total numbe of avail-
able (all) an overhead REs within t e ti e interval  t. Sup rscript  t
is no superfluous since it will assi t us in modeling a arie y of situation
with an un fi d formalism. As will b mod led in t is paper, some overhead
components app ar nly once per fram hile others are repeated every TTI.
T pr ceed further with LTE capacity estimation it is co venient to con-
sider that not all th bits are used to transport user data but also to detect
rors (for instance, Cyc ic edundancy Ch ck (CRC) bits). The user data
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For OFDMA-ba d network, such as LTE, the availabl m dels can be
s e in t o major ategories. The power-control bas d mo ls study t e
c mbinati n of the system confi ration and the servic area as a function of
SIN di tribution [14]. he r -co t ol based models focus on the combi-
nati n f y tem onfiguration nd he dat -r t provisi n as a function
of h lo d dis ribution [15]. The performance m del i then the ptimized
solu i n t pr vid th de a d d data- e in the targ t are below the best
m chi g yste c nfig ation.
Co sidering th requirem n of e rate (lo d) based model t h ve an
ccur te meas r f r each cell’s ca aci y, in this work we pres nt a mathemat-
ical m thod logy to calc la e th data-rat provision for multi user scenarios
for each c ll with fl xibl syste co fig ration parameter .
3. Problem S em t
As m nt o ed, he pu pos of t is work is to prop se m t odology and
algorithm o acc tely e tim te the DL thr ughput or a acity (C [bit/s])
of L E ys ms in realis ic scen rios that c nsi e s the egra ati n hat the
di↵erent v rhead cha is s produ .
In uitively, us throughput increases with the umbe of u eful RE dur-
g a given ti e nterval of interest. This t me int rval  t c n be either 1
TTI or 1 frame, dep ndi g on th problem at hand (numb r f users, file
s ze to be dow load by ny user, etc.). In this paper we will label he total
n mber of us ful REs (t is, th se for user da a) during a time interval  t
by using the nota i :
  TTIRE, (%) =
OFrameRE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
where A tRE, T and O tRE, T re resent, respectively, the total number of av il-
able (all) and overhead REs within t e ti e int rval  t. S perscript  t
i not supe fluous since it will ssi t us n model ng a variety f situ tion
with n unified for alism. As will be odeled i this pe , o e overhead
c mponents appear only once per frame while others are repeated every T I.
T proceed furt r with LTE c pacity es imation it is conv ien t con
sid r hat not all the bit are used o tr nsport user data b t als to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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F r OFDMA-based network, such as LTE, he av ilable m dels can be
seen in two major cat gories. T power-control based mod ls study he
combi ation f the system configuration and t servic are as a function of
SINR distribu io [14]. The r te-control based mod s focu on the combi-
nation f the sys m configuration and the data-rat pr vi i s a function
of the l ad stribution [15]. The perfor ance odel is then the ptimized
solution to r de t e emanded data-rate n th targ t area, bel w the best
matching ystem configuration.
Consi ering the equireme of he rate ( ad) based model o have an
accurate measu e for each c ll’s capacity, in this work pr ent a mathe at-
ical methodology to lcul te he dat -rate pro ision for multi-user scenari s
fo each cell with fl xib e system configurati param ters.
3. Proble State en
As ment n d, the purp s of thi w rk s t propose a etho ology and
alg rithms o accuratel estimate the DL throughp t or c acity (C [ it/s])
of LT systems in re listic sc na ios that considers the degradation that the
d ↵ rent overhead ech nisms p odu .
Intuitively, user throughput increases with th umb r of useful RE dur-
ing a given time interval f i teres . This ime int rval  t can be e ther 1
TTI or frame, d pending on the problem at h nd (number of us s, file
size to be download by any us r, tc.). In this paper we will label the tot l
b r of useful REs (that is, th se for user data) during time interval  t
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Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
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E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T and O tRE, T re resent, respectively, the to al umber of avail-
able (all) nd overhead REs within the ime int rval  t. Superscript  t
is not superfluous since t will assist u in modeling a variety of situation
wi h an unifi formalism. As will be m deled in this paper, some overhead
co ponents appear only once per frame while others are rep ated every TTI.
To proce d further with LTE cap city estimation it is conve ient to con-
s er that not all the bits are used t transport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationfthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
soluintoprvidethedemandeddata-rateinthetargetarea,belowthebest
matcingystemconfiguration.
Consideringthrequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexiblystemconfigurationparameters.
3.PrblemStatement
Amentioned,epurposofthisworkistoproposamethodologyand
algorithmstoaccratelyestimaetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealistiscenriosthtconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduc.
Intitively,uethroughutincreasswiththenumberofusefulREdur-
inggiventimeitvalofineres.Thistimeinterval tcanbeeither1
TTIo1frae,dependigntheprbleathand(numberofusers,file
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Figu e 5: Overh ad rc ge (%), with res ect to  tRE, T, as function of BW. Squared
symbols epr sents  OFramRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of overhead on DCI length LDCI
As a f nction f BW...
6.3. Influence f Ng “PH CH Group Scaling Factor”
As a function of BW...
6.4. Scen rio 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a si gle UE hich i in the best rec ption
conditions, the highest data-r t provision c n be expected. An accurate
overhead calculations that is cust mized with the system configuration, pro-
vi s us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maxi um service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 6: Overhead erce tage (%), with respect to A tRE, , as a function of B . Squa d
symbo s represents  OFr eRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
6.2. Sensitivity of over e d on DCI length LDCI
As a function of BW...
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6.1. Influence o each comp ent as a function of BW
For 1.4 is 31%. RS is 91%...
Fo 20 MHz is 16%. RS is 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for eac cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to ccurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, ser roughput increases with the number of useful RE dur-
i g give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
nu b of useful REs (that is, those for user data) during a time interval  t
by using the n tation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represe t, respectively, the total number of avail-
abl (all) and ov rhead REs within the time interval  t. Superscript  t
is not superfluous since it will a sist us in modeling a variety of situation
with an unifie formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
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of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching sy tem configuration.
C nsideri g the r quirement of the rate (load) based model to have an
accurate m asure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Pro lem Statement
As mentioned, the purpose of this work is to propose a methodology and
lgorithms to accurat ly estimate the DL throughput or capacity (C [ it/s])
of LTE systems in r alistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throug put increases with the number of useful RE dur-
ing a given tim interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be downloa by any user, etc.). In this paper we will label the total
nu ber of useful REs (that is, those for user data) during a time interval  t
by us ng the notation:
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ForOFDMA-basednetwork,suchsLTE,heavailalemodelscane
seenintwomajorcategoie.Thepower-cntrolbaedmodelsstudythe
combinationofthesystemconfiguratioadtheerviceareaasafuctionof
SINRdistribution[14].Therat-controlbasdodelsfocusonthcombi-
nationofthesystemconfigurtioathedaa-ateproviionaafuncion
fheloadditribution[15].Theperfomancemodelithentheoptimize
solutiontoproviethedemandeddata-rateinthetargetarea,blowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodlthave
accurtemeasurefrchcell’spacty,inthisworkwepresentamatheat-
icalmetodologytocalculaethedata-rateprovisoformulti-userscnaris
foreahcllwitflexiblesystemconguraionparaeters.
3.ProblemStatemen
Asmnioned,thpurposeofhisworkitopopsemethdoloyand
algorithmstoaccuratlyestimatetheDLthrugputorcapcity(C[bi/s])
ofLTEsystemsinrealisticscnariosthatcnsidersthedegradatonthatthe
di↵erentoverhedmcanismsproduce.
Intuitively,userthroughputincreaseswiththenuberofusefulREdur-
ingagiventimeintvalfinteest.histmeintevl caneithr1
TTIor1frame,dependingonthepoblemthand(numberofusrs,file
sizetobedownloadbyayuser,etc.).Inthispaperwewilllabelthetotal
nuberofusfulREs(thatis,thosefruserdat)duringaimeintervl t
byusingthenotation:
Overheadpercentage
witrespecttotheavilableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
reprsent,respectively,thtoalumbrofavil-
able(ll)adoerheadREswithinthetimeinterval t.Superscript t
isnotsupefluoussinceitwillassistunmodelngavarietyofsituation
ithanunifidformlism.Aswillbeodeledithispaper,someoveread
compontsppearolyoepeframewhileothrsarerepeatedeveryTTI.
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Figure 5: Overhead percentag (%), w th respect to A tRE, T, as a function of BW. Squared
s mbols represents  OFrameRE, T(%)  OTTIRE, T(%).
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For OFDMA-based network, such as LTE, the available models can be
seen in two m jor categories. The power-control based models study the
combina ion of the system configuration and the service area as a function of
SINR distri ution [14]. The rate-con rol based models focus on the combi-
ation of the system configuration nd the data-rate provision as a function
of th load distribut on [15]. The perf rmance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matc ing system configur ion.
Con idering the requi ement of the rate (load) based model to have an
accurate measure for ach cell’s capacity, in this work we present a mathemat-
i al m thodology to calculate the data-rate provision for multi-user scenarios
for each c ll ith flexible system configuration parameters.
3. Problem State ent
As mentio ed, the purpose of this ork is to propose a methodology and
alg rit ms to accura ely estimate the DL throughput or capacity (C [bit/s])
f LTE ystems in realistic scenarios that considers the degradation that the
di↵eren overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g give time int rval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
siz to be download by any user, etc.). In this paper we will label the total
mber of u eful REs (that is, tho e fo user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A RE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
err rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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is not superfluous s nce it will assist us in modeling a variety of situation
with an unifi d fo malism. As will be modeled in this paper, some overhead
co pon nts appear only once per frame while others are repeated every TTI.
T proceed fur her with LTE capacity estimation it is convenient to con-
sider that ot al the bits are used to transport user data but also to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
seenintwomajorctegoris.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationdtheservicaraasafunctionof
SINRdistribution[14].herat-conolbasedmodelsfcusonecbi-
natioofthesysteconfigurationandtedata-rtpovisinasafunction
oftheloaddistribution[15].Theperformancemodelisthntheoptimized
solutiontoprovidthedemandeddata-ateithetagetare,belowthebst
matchingsystemconfiguration.
Consideringthrequireentoftherate(load)basedmodeltohavean
accuratemeasureforeachcel’scapcity,ithiworkwepresentamaem-
icalmethodologytocalculatethedata-rateprovisionformult-userscenarios
foreaccellwithflexiblesysemconfiguationparameters.
3.ProblemStatement
Asmentioned,thepurposofthisworkistopropoemetodologyad
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatth
di↵eentoverheadmechanismsprduce.
Intuitively,usrthroughputincreaseswiththenumberofusfulREdur-
ingagiventimeiervalointret.Thistimeiterval tcanbeither1
TTIor1frame,dpendingonthproblmathand(numberofusers,file
siztobedownloadbyayuer,tc).Intispaperwewlllabeltetotal
numberofuseflREs(thatis,thosforsrdata)durngatimeiterval t
byusingthenotation:
Overhadpercentage
witrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
rprsent,resectively,hetotlumberofavail-
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withnunifieforalis.Aillbemodeledintispper,someoverhead
componntsappearolyonceperframewiletherarrpteveryI.
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ForOFDMA-basednetwork,suchasLTE,thavailablemodelscanbe
snintomajorcategories.Thepower-contolbasedmodesstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
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numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthnotatin:
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⇥100
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,(1)
whereA
 t
RE,T
adO
 t
RE,T
represet,respectively,thetotlnumberofaval-
able(all)ndoverhadREswithinthetimeineval t.Superscript t
isnotsuperfluussicitillassistusinelngavaietyfsiuation
withaunifiedformalis.Aswillbemodeldinthispaper,somoverhead
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Fig r 5: Overhe d percen g (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, (%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivi y of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHI H Group Scaling Factor”
As a func ion of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exac amount of useful resources that can be assigned for
data-tra smission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ ac co p nent as func ion of BW
F 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based netwo k, such as LTE, the available models can be
seen i tw major cat gories. The power-control based models study the
combination of the ystem configuration nd the service area as a function of
SINR istri ution [14]. The rate-control bas d models focus on the combi-
nation of he sys em c nfiguration and the data-r te provision as a function
of the lo d distribution [15]. The perf rma ce model is then the optimized
olution to provide the demanded data-rate in the target area, bel w the best
a ching sys em configurati .
Co ide ing the r quireme of the rate (lo d) based model o have an
accurate measure for each cell’s capacity, in this wo k we pr sen a ma hemat-
i al metho ol gy to calculate e data-rat provision for multi-user scenarios
for ch ell it flexibl system configu at on parameters.
3. Probl m Stateme t
As entio ed, the purpose of this work is to p opose a methodology and
algorithms to accurately esti ate the DL throughput or capacity (C [bit/s])
of LTE syst ms in realistic scen rios that consid rs degradation that the
di↵erent overhead echanisms produce.
Intuitively, use throug put i creases with the number of useful RE dur-
i g a give time int val of interest. Thi time i terval  t ca be either 1
TTI or 1 frame, dep nding on the probl m at hand (number of users, file
s ze to b wnl ad by any us r, etc.). In this ap r we will label the total
numb r of useful REs (th t is, th se for user data) duri g a time interval  t
by usi g the no ati n:
 OFr meRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A tRE, T a O tRE, T repr sen , respectiv ly, th total number of avail-
ble (all) an overhead REs within the time interval  t. Superscript  t
is not superfluous si ce it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
compone s appear only once per frame while others are repeated every TTI.
T proceed fur her wi h LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
r rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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F r OFDMA-ba ed network, such as LTE, the available models can be
se n in t o major categories. The power-control bas d mo ls study t e
c mbinati n of the system confi uration and the service area as a function of
SIN di tri ution [14]. The r -control based models focus on the combi-
tion f t e sy tem c figuration and he data-rat provision as a function
f loa distribution [15]. The performance model is then the optimized
solu ion t p vide the demanded data-rate in the targ t area below the best
atchi g yste c fig ration.
Considering e r quirement of he rate (load) based model to have an
ccurate me sure for e ch cell’s capacity, in this work we present a mathemat-
ical methodology t calc late the data-rat provision for multi user scenarios
for each cell with flexibl ystem configuration parameters.
3. Problem Sta ement
As entioned, the purpose of this work is to prop se a methodology and
algorithm o acc at ly esti te the DL thr ughput or capacity (C [bit/s])
of LTE yst ms in realistic scen rios that c nsiders the degradati n that the
di↵ ent o head echanisms produ e.
I t itively, user throug put i creases with the number of useful RE dur-
ng a given ti in erval of interest. This time interval  t can be either 1
TTI or 1 frame, dependi g on th problem at hand (number of users, file
size t be ownlo d by any user, etc.). In this paper we will label the total
umber of useful REs (t t is, th se for user data) during a time interval  t
by usin the ot tion:
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE T a d O tRE, T represent, respectively, the total number of avail-
able (all) and overh ad REs within the time interval  t. Superscript  t
is not superfluous si ce it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
compone ts appear only once per frame while others are repeated every T I.
To proceed fur her wi h LTE capacity estimation it is convenient to con-
sider that not all t bit are used to transport user data but also to detect
er rs for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siom na
For OFDMA-based network, such as LTE, the available m dels can be
seen in two major categories. The ower-control based mod ls study he
c mbi ation f the system configuration and t servic area as a function of
SINR distribu ion [14]. The r te-control based mod s focus on the combi-
natio f the system configuration and the data-rate pr vision as a function
of the l ad tribution [15]. The performance model is then the optimized
olu ion to r vide the demanded data-rate n the targ t area, bel w the best
matching system configuration.
Consi eri g the requirement of the rate ( oad) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathe at-
ic methodology to calculate the dat -rate pro ision for multi-user scenarios
fo each c ll with fl xible system configurati parameters.
3. Probl m S atem nt
As mentioned, the purpose of this w rk to propose a metho ology and
al rithm o accurat l e timate the DL throughput or c pacity (C [ it/s])
f LTE systems in realistic scenarios that considers the degradation that the
d ↵e ent overhead m chanisms pro u .
Intuitiv ly, user throughput increases with the number of useful RE dur-
ing a given time interval of interest. This ime interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, th se for user data) during a time interval  t
by us ng the not tion:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O R , T, (1)
where A tRE, T and O tRE, T represent, respectively, the to al umber of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is no superfluous since i will assist us in modeling a variety of situation
with an unifi formal sm. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
i er that not all the bits are used to transport user data but also to detect
5
6.
1.
In
fl
ue
n
ce
on
ea
ch
co
m
po
n
en
t
as
a
fu
n
ct
io
n
of
B
W
F
or
1.
4
is
31
%
.
R
S
is
91
%
..
.
F
or
20
M
H
z
is
16
%
.
R
S
is
46
%
..
.
10
#
15
#
20
#
25
#
30
#
35
#
1,
4#
3#
5#
10
#
15
#
20
#
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OF
ra
m
e
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemdelscabe
seenintwomajorcategories.hepower-controlbasedmodelsstudythe
combintionofthesystemconfigurationandtheservicereaasafuctionof
SINRdistribution[14].Therate-controlbasedodelsfcusothecobi-
nationofthesytmconfiguratinandtedta-rateprovisiasafunction
oftheloadditributin[15].Theperformancemodelisthentheoptimizd
solutiontoprovidethedemandeddata-rateithetargetara,blowthebst
matchingystemconfiguratin.
Considerngthrquiremetoftherate(load)basedmodeltohavan
accratmesureforeachell’scapacity,ithisworkwepresentamatt-
icalmethodologytcalculatehdata-atprovisionformulti-userscnrios
foreachcellwithflexiblsystemconfigurationparametrs.
3.ProbleStatment
Amentioned,thpurposeofthiswrkistoproposeamehodologyan
algorithmstoaccratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealiticscenariothatcosidersthedgradationthatthe
di↵rentoverheadmechanismsprduce.
Iuitively,uethroughputicreseswithhenumberofusefulRdur-
inggiventimeitevalfinteret.Thistieinterval tcanbeeiter1
TTIor1fre,dependngonthproblemathand(numberofusers,fil
sizetobedownloadbyayuser,ec.).Inthispaperwewilllabelthettal
numberofuseflREs(hatis,thoseforserdata)duringatiminterval t
byusingthenotation:
Overheadpercentage
withrsectotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1
whereA
 t
RE,T
andO
 t
RE,T
rsentrspctively,hetalnuberofavail-
able(ll)andohadREswithinthtiminrl t.Suprscrip 
isnotsuperfluoussinceiwillassistuinodelngvarietyofsitution
withnunififormalis.Aswillbeodeledinthspper,someoverhead
copontsappearolyneprframewhilthersarrpeatedeveyTTI.
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Figu 5: Overh d perc nta e (%), wi h res ect to  tRE, T, as a function of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of overhead on DCI length LDCI
As a func ion of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
s a functio of BW...
6.4. Scenario 1: single user. LTE M ximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resources are assigned to a single UE which is in the best reception
conditions, the high st data-rat pro ision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Fig r 6: Ov rhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
sym o s repres nts  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensit vity of overhead on DCI length LDCI
As a func ion f BW...
26
6.1. Influen e on eac com nent as fu ction of BW
For 1.4 is 31%. RS i 91%...
Fo 20 MHz is 16%. RS i 46%...
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configurati n and t e ervice area s a function of
SINR distribution [14]. The r -control based models focus on the combi-
nation of the system c nfiguration and the data-r te provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to pr vide t demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate easure for each cell’s capacity, in this work we present a mathemat-
ical m thod logy to calculate the data-rate provision for multi-user scenarios
for each c ll with flexible system c nfiguration parameters.
3. Pr blem St t m t
As e tio ed, the purp se of his work is to p opose a methodology and
algorithms to accurately estimate the DL throughp t or capacity (C [bit/s])
of LTE syste s realistic sc narios that considers the egradation that the
di↵erent overh ad mechan sms produce.
Intuitiv y, user throughput increases with the number of useful RE dur-
i g given tim in erval of interest. This time interval  t can be either 1
I r 1 frame, depending on he problem at hand (number of users, file
size to be downl ad by a user, etc.). In this paper we will label e total
numbe of s ful REs (that is, t ose f r user data) during a time interval  t
by us g h n tation:
 OFra eRE, T(%) = O
Frame
RE, T
AFrameE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T a d O tRE, repr sent, respec ively, the tot l n mber avail-
ble (all) and overh ad REs within the time int rval  t. Superscript  t
is n uperfluous since it will assist us in mod ling a variety of situation
ith an u ifi d f r alism. As will be modeled in this paper, some overhead
compone ts appe r only once p r frame while others are repeated every TTI.
o rocee fur her with LTE apacity stimatio it is convenient to con-
si r that not all he bits ar us to transport user ata but also to detect
rr r (for nst nce, Cyclic Red dancy Check (CRC) bits). Th user d ta
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ical metho ology to c lculate the dat -rate provision for multi- ser scenarios
f r each cell with fl xible system configurati parame ers.
3. Pr blem Stat ent
As ment on d, the purpose of this work is to propose a methodology an
lg rithm to accurat ly e imate the DL th ughput or capacity (C [ it/s])
of LTE syst s n realisti sce arios that c nsiders the degradation that e
di↵erent overhead mechanisms roduce.
I tuitively, ser throughput increases with the number of useful RE ur-
ing giv n tim i er al of i terest. This time interval  t can be either 1
TTI or 1 frame, epen ing on the probl t hand (number of users, file
size t be downlo d by any user, etc.). I hi paper we will label the total
number of useful REs (that is, th s for user data) during a time inter al  t
by us g the nota ion:
Ba dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFr meRE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
here A tRE, T and O tRE, T r pres nt, respectively, the to al number of avail-
abl (all) nd overhead REs within the time int rval  t. Superscript  t
is no supe fluous since it will assist us in modeling a varie y of situation
w h n u ified f rmalism. As will b modeled in this paper, some overhead
comp nents ap ear only onc pe frame while ot ers re repea d every TTI.
To proceed fu ther with LTE capacity estimation it is co venient to con-
sider that ot all the bit are used to transport user data but also to detect
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ForOFDMA-badtwk,uchasLTE,theavailablemodelscanbe
seentwomajorcategories.Thepower-controlbasedmodelssudythe
combinationofhesysemcnfigurationandtheerviceareaasfunctionof
SINRdistributin[14].Thrte-cotrolbasedmodelsocusonthecombi-
ainofhesysemconfigurationdat-ratpoviinasafunction
oftheloaddistribution[15].Theerfrmancemodelistheheoptimized
solutiontprovidethedemanddata-rateintheargetr,blowhebest
matchingsysmconfiguraion
Consideringtrquirmtoftherate(load)basedodelthavean
accuraemesureforeachcll’scapacity,inthiswkwepresnamthemat-
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ofLEsysinrealisticscenaisthatconsidrsthedgradationthatthe
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For OFDMA-based network, such as LTE, the available models can be
se in two aj categories. The power-c ntrol ba d models study the
combina io of t e sys em configuration and th se vice are as a function of
SINR distribution [14]. Th ra e-con rol based models focus on the combi-
ti n of the system c figur ti n nd th data-rate rovision as a function
of th l ad dis ri ut on [15]. T e perf rmance model is h n the ptimized
solution o provi e the de a ded data-rat in the target ar a, below best
matching sys em configu ion.
Co si e ing the requi ment of he rate (load) bas d model to have an
ccu at measure for ach cell’s capaci y, in thi work we prese t a mathemat-
ic l m thodology to calculate t e data-rate provision for multi-user scenarios
for ac c ll with flexible system configuratio parameters.
3. Problem Stat e t
As m ntio e , the p rpos of this ork is t pr p s a ethodology and
lgorit s to ccura ely estim te the DL throughput or cap city (C [bit/s])
of LTE sys s in realistic scenarios hat considers th degradation that the
di↵e nt verhe d ech n sms produce.
Intuitively, use th ughpu increases with th number of useful RE dur-
i g a give time interval of interest. This time i terval  t can be either 1
T I r 1 fr me, d p ndi g on problem at hand (number of users, file
siz to b download by any user, tc.). In his pa r we will label the total
b of u ful REs (that is, tho e fo user data) during a time interval  t
by using he notation:
 OFr eRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O RE, T, (1)
where A RE, T and O tRE, T rep ent, resp ctively, the to al number of avail-
able (al nd rhe d REs within the time interval  t. Superscript  t
i ot s perfl ous since it will assis us in modeling a ariety of situation
with a u ifi d formalism. As will be modeled in this pap r, some overhead
componen s ppear o ly onc per f am while others are repe t d every TTI.
To proc d f rthe with LTE paci y es im tion it is conv nient to con-
der that not all the bits are used to trans ort user data but al o to detect
e rors (for i stance, Cyclic Redundancy Check (CRC) bits). The user ata
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F r OFDMA-bas d n tw rk, such as LTE, th available m dels can be
see in two major ca egori s. The power- ontrol based models study the
mbin on f the system nfigu ation and th service are as a function of
SINR i ibu io [14]. T e rate-control based mod ls f cus on t e combi-
nat on f the s stem c figuration and the data-r t provision as a function
of the load distrib tion [15]. The perf rmance model is hen the ptimized
soluti n to ovi e th de a ed d ta- at in the t rget a a, below best
matching syst m co figura i n.
Con i er g th requirement of the a e (l ) based model to have an
accurat measu for eac cel ’s capaci y, in this wo k we rese a mathemat-
ical methodol gy o calculate t e data-rate provision for ulti-user scenarios
for eac cell with flexible system configur tion para eters.
3. P bl Statement
As menti , e p rpose f this work i to p pose m t odology and
al rithm t curately estim te the DL throughput or capa ity (C [bit/s])
o LTE yste s n re l t c sc narios at c sid rs he degrada ion th the
di↵ nt ov rhe d ec nisms produ e.
Intuitively, u r thr ughput incr ases with th number of useful RE d r-
i g g ven ti e i terv l of interes . This im inter al  t can b i h r 1
TTI r 1 f a , ep n ing on the p oblem at a d (nu ber of users, file
size t do load by any us r, e c.). In his paper we will label the total
umber of us ul RE (that is, tho e fo user dat ) uring a time interval  t
by us n the no a ion:
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w r A tRE, T an O tRE, T represent, respectively, the total number of avail-
able (a l) and overhead REs within the time interval  t. Superscript  t
is not uperfluous since it will assist us in model ng a v riety of situation
ith an nified ormalism. As will be modeled in this paper, some overhead
components appear only once per f ame while others are repeated every TTI.
To proceed further wi h LTE capacity estimation it is conv ni nt o con-
ider th t not ll th bits re used to transport us r data but al o to det c
errors (f r insta ce, Cyc ic Re undancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siom na
For OFDMA-based w rk, such as LTE, the available m dels can be
s en in two m jor categor s. The w r- ontrol based mod ls study he
c mbina f th yst m configur tion and the service area s a function of
SINR dis ribution [14]. The rate-control b s d m dels focus on th combi-
ti n of th sys em c nfigura ion and he data-ra e pr vision as a function
of the l ad distribut [15]. T e perform nce model is th n he optimiz d
olution to provid he de a ded data-rat in the t rg t ar a, b low th best
chi g sy tem onfiguration.
Consideri g the requirement of the rate (load) b sed model to ave a
ccurate measure fo each c ll’s capa ity, in this work we pr sent a math mat-
ic l me hod logy to alculate th data-rate provision for multi-user scen rios
for each cel it flexible system configura ion parameters.
3. Problem Statement
As m n ioned, th purpo e of this work is to pro s a methodology and
algorithm to ccurately estimat the DL throughput r capacity (C [ it/s])
of LTE syst i realistic sc a ios t at c nsiders the degr datio that the
di↵erent overhead mec a isms produce.
Intuitively, user throughput increa es with the number of useful RE dur-
i g given time interval of interest. This tim interval  t can be either 1
TTI or 1 frame, depending on the probl m at hand ( umber of users, file
size to be down oad by any user, etc.). In this paper we will label he to al
number of useful REs (that is, thos for user data) during a tim int rval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
whe A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) d overhead REs within t e time int rval  t. Superscript  t
is not superfluous sin e it will assist us in modeling a variety of situation
with an unified fo malism. As will be modeled in this paper, some overhead
comp n nt appear only once per fram while others are repeated every TTI.
To proceed further with LTE capaci y estimation it is convenient to con-
side that not all the bi s are used to transport user data but also to detect
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!!!!!!!!!!!!!!!!!Simina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
seenintwomajorcaegoris.Thepower-controlbasedmodelsstudythe
combinatiofthesystemconfigurationandtheservicearasafuncionf
SINRdistribution[14].Therate-conrolbasedmodelsfcusonthecmb-
nationofthesystemconfigurationandthedata-rateprovisisafuction
oftheloaddistribution[15].Theperformancemodlistenteoptimized
solutntoprovidthedmandeddata-rateintheargetare,elowthebes
matchingsystmcofiguration.
Considringthereqirementoftherat(load)basedmoeltohavean
accratemeasreforeachcell’scapacity,ithisworkersntamamat-
icalmethodologytocalulatethedta-teprovisionformulti-usrscenarios
foreahcellwitflexiblsystemconfigurationparameters.
3.ProblemStatemt
Amentiond,thepurpseofthisworkistoroposeamethdologyad
algorithmsoacurtelystimatetheDLthroughpurcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatcnsidersthedegradationthathe
di↵ernoverheadmechaniproduce.
Intuitively,userhoughputincreseswiththenumerofusefulREdur-
inggiventimeinrvalofinterest.Thistmeintervl canbeither1
TTI1fram,dpdigonteproblemathnd(numberofusers,fil
siztobedownloadbyayuser,tc.).Inthipaperwewilllabelthetotal
nuberofusefulRs(thatis,thoseforuserdata)duringaimenterval t
byusingthenotati:
Overheadpercentage
withrspectotheavailableRE
BW(MHz)
O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 
E,T
 O
 
RE
,(1)
whrA
 t
RE,T
adO
 t
RE,T
represet,reectivl,theotalnumberfavail-
abl(l)andohadREswihinthetimintrval t.Supescript t
inotsupefluoussnceiwillassistinodelnavaetysituaton
wiunifieformalism.Aillbeodelitipaer,someoverhad
cmpontsapelyoceerframewhilotherserepeatdeveryTTI.
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ForOFDMA-basednework,suchasLTE,theavailablemodelscanbe
seenintwoajrcategories.Thepwer-controlbasedmodelsstudythe
combinatonofthsystmcofigurationandthserviceareaasafunctionof
SINRdistibution[14].Thrate-contrlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-ateprvisinasafunction
ftheloaddistribution[15].Theperformancmodelisthentheoptimized
soutiontoprovidethedemandedata-rateinthetargetara,belowthebest
tchingsystemconfigurtion.
Consideringtherequirementoftherae(load)bsedmodeltohavean
accuratemasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalclatethedata-rateprovisionformulti-userscenarios
foreachcllwithflexiblesystemconfigratoprameters.
3.ProbleSttement
Asentioned,thepurposeofthisworkistoprpseamethodologyand
algoithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenarithaconsidersthedegradationhatthe
di↵erentoverheadmechanismsproduce.
Intuitively,usertroughputincreaseswitthenumberofusefulRdur-
ingagivetimeitervalofinterest.Thistieinterval tcanbeeite1
TTIr1frme,dependingontheroblemathand(numberofusers,file
szetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nmberofusefulREs(tatis,thoseforuserdat)duringatieiterval t
byuingthentatin:
Overheadpercentag
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whereA
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 t
RE,T
reprset,respectivly,thetotanumbeofavail-
abl(all)andoverheadREswithinthtimeinteval t.Suprscript t
isnotsuprfluussicitillassisusinelngaarieyfsituatio
withanifidfomalis.Asillbmodeldinhispaper,somoverhea
cmponntsappearonlyoncepefrmwhileothrareepeatedeveryTTI.
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Figu e 5: Ov rhead p centage (%), with espect t A tRE, T, as a function of BW. Squared
sy ols repr sents  OFr meRE, T(%)  OTTIRE, T(%).
O TIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6 2. S nsitiv of e head on DCI length LDCI
As a f ncti n f BW...
6.3. Influence of Ng “PHICH G oup Scaling Factor”
As a functi n of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system s configured wit its highest parameter and all the
av ilable resourc s are a signe to a single UE which is in the best r ception
conditions, he highest data-rate provision ca be expected. An accurate
over ead alcul tions that is customized with the system configuration, pro-
vides us with the xa m unt of usef l resources t at can b assigned for
da a-tra smission.
Consi ering th aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ e ach c p nent s a funct n of BW
For 1.4 is 31%. RS i 91%...
For 20 MHz 16%. RS is 46%...
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based netwo k, such as LTE, the available models can be
seen in tw major cat gories. The power-control based models study the
c mbination of the ystem configuration nd the service area as a function of
SINR istribution [14]. The ra e-control bas d models focus on the combi-
ati n of h sys em c figuration an he data-r te provis n as a function
of the lo d distri uti [15]. The perf rma ce model is th n the optimized
olution o provide the demanded data-rate in the target area, bel w the best
chi g sys em configurati .
C i e ing the r quireme of the rate (lo d) based model o h ve an
accurat m ure for e ch ell’s capacity, in this wo k w pr se a ma hemat-
ical eth logy o calcula e data-rat provision for multi-user scenarios
for each ell with flexibl system onfigu at on parameters.
3. P l Stat e t
As entio ed, the purpose of this work is to p op se a methodology and
algori s to ccurately estim t the DL throughput or capacity (C [bit/s])
of LTE ystems i r a stic scen rios that cons d rs d gr dation that the
di↵ r t er ad cha isms produce.
I tuitiv ly, se throughput increa s with the number of useful RE dur-
i g a giv t me in v l of int rest. Thi time i terval  t ca be either 1
TTI r 1 f ame, dep nding on the pr bl m at hand (number of users, file
s ze t be wnl ad b any us r, etc.). In this ap r we will label the total
nu b r of u ful REs (th t is, th se for user data) duri g a time interval  t
by usi g h otati n:
 OFr eRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a O RE, T rep en , resp ctiv ly, th total number of avail-
ble ll an overhead REs within t e time interval  t. Superscript  t
i ot uperfluous since it will assis us in modeling a variety of situation
with an u ified formalism. As will b modeled in this pap r, some overhead
componen s appear o ly once per frame while others are repe ted every TTI.
To proceed furthe with LTE c pacity es imation it is convenient to con-
sider that not all the bits are used to rans ort user d ta but also to detect
rors (f r instance, Cyclic edundancy Check (CRC) bits). The user data
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For OFDMA-bas d network, such as LTE, the available m els can be
seen in t o major ca egories. The power-control bas d mo ls study t e
c mbinati n of the system co fi ur tion nd he s rvice rea as a func ion of
SIN di tribution [14]. The r -control based models focus on the combi-
nat on f e sy t m configuration and he d ta-rat provision as a function
f h load dis i ution [15]. The performan e m del is then th optimized
solu io t provide th de n ed data- e in the arg t area below the be t
ma c i g yst nfig ratio .
Con i e i g th r quirem nt of he a e (lo d) based model o h ve an
ccur t m asur for e c c l ’s capaci y, in this work we pres nt a mathemat-
ical methodology to cal la e th data- at provision for multi user sc narios
f r ach cell with flexibl system configuration pa ameter .
3. P bl m S ateme t
A mention , e purpos of this work i to p op se a m thodology and
lg rith acc a ely tim e the DL thr ughput r capacity (C [bit/s])
o LTE ys ms n r ali t c scen rios at c nsiders th degrada i n th the
di↵ v r ad ec anisms rodu e.
Intuiti ly, us r t r ughput incr as s with the umber of useful RE d r-
ng gi en time i t rva f interest. This time i rval  t can be ith r 1
TTI or 1 f e, dep n i g on th problem at and (number of us rs, file
size to be downlo d by ny us r, e c.). In this pa er we will l bel the total
n l ( t is, th e fo user data) during a time interval  t
by usin the notat on:
 O TIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w er A tRE, T and O tRE, T r presen , respectively, the total number of avail-
abl (all) and ov rhe d REs within the time nt rval  t. Superscript  t
is not sup rfluous since it will assist us in mo eling a v riety of situation
ith an ified forma ism. As will be modeled in this pap r, some overhead
com o ents appe r only once per f ame while others are repeated every T I.
To proceed furth wi LTE capacity estimation it is conv ni nt o con-
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5
!!!!!!!!!!!!!!!!!Si na
F r OFDMA-based etwork, such as LTE, he av ilable m dels can be
seen in two jor categories. The ow r-control based mod ls study he
c mbina io f the system co figuration and t servic area as a function of
SINR distribution [14]. The r t -co trol based mod s focus on t combi-
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atching system configuration.
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ical e hodology o calculate th dat - ate pro ision for multi-user scenarios
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3. Problem Statemen
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number of useful REs (that is, th s for user data) during a tim in rval  t
by us ng the notation:
Ban width, BW (MHz)
  TTIRE, T(%) =
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AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tR , T, (1)
where A tRE, T a d O tRE, T rep esent, respectively, the to al umber of avail-
ble (all) d overhead REs within the time int rval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of si uation
wit an unifi forma ism. As will be modeled in this pap r, some ov he d
c mpon ts appear only once p frame while others are repeated every TTI.
To roc ed further with LTE c pacity estimation it is convenient to con-
si r hat not all he bi re used to trans o t user data but al o to detect
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ForOFDMA-basednetwork,suchsLTE,theavailablemdelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinatioofthesystemconfigurationadtheservicearasafuncionf
SINRdistribution[14].Therate-controlbasedmodelsfocusonhecomb-
nationfthesystemconfigurtionadthedata-rateprovisinasafunction
oftheloaddistribution[15].Teperformancemodelisthentheoptimized
solutiontprovidethemandddta-rateinthetargetarea,belowthebest
matchingysemconfiguration.
Consideringthereqirmentoftherate(load)basedmodeltohavea
accuratemeasureforachcell’scapacity,inthisworkwepresentaathemat-
icalmthodologytocalculatethedata-ratprovisionformulti-userscenarios
forachcellwihflexiblesystemconfigurationparmeer.
3.PbleStatement
Asmentioned,thepurposefthiswrkstoproposeamethodologyad
algoritmstoaccuratelyesimatetheDLthroughptocapacityC[bit/s])
ofLTEsystemsinrealisticscnaristhatconsidesthedegradationthathe
di↵erentovereadmechanimspoduc.
Intuitvely,uethroghputincreasesiththenumberofusefulREdur-
inggiventimeitervalofintest.Tistimeintrval tcanbeeither1
TTIr1fra,dependingontheproblemathand(nuberofusrs,file
sizetobedownloadbyyusr,etc.).Ithspaperwewilllabelthtotal
numberofusefulRs(thatis,thosfruerdata)duingatimeinerval t
byusingthentation:
Ovrheadpercentag
ithrespcttotheavailabREs
,BW(MHz)
 O
TI
R,T
(%)=
O
Fame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 t
RE,T
rpesent,rspectivl,hetlnuberofavail-
ale(l)anderheadREswihinthetimentral t.Superscrit t
isnotsuperfluousnciwillassisuinodelngavarityofsituato
wihanunifiedformalism.Aswillbemolediispper,someoverhead
compotspearoycpefrawhlthersarerpeatedeveyTTI.
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ForOFDMA-basednework,suchasLTE,theavailabemoelscnbe
seenintwoajrcategories.Thepwer-controlbasedmodelsstudythe
combinationofthsystecnfiguationandtheservieareaasafunctiof
SINRistribution[14].Thrte-contrlbasedmodelsfocusonthcombi-
ntonofthesysteconfigurationandtheata-rateprovisionasafunctin
oftheloadisribution[15].Theperformancmodelisthentheoptimized
solutionoprovidethedemandeddata-rateinthetargetarea,belowthebest
machingsystmconfigurain.
Consideingtherequirementoftherate(load)badmodeltohavean
accuratemeasureforeachcel’scpcity,inthiswkweprentamthemat-
icalmethodologyocalculatethedat-rateprovisionformulti-userscenarios
foreachcellwthflexiblesysemconfigrationparameters.
3.PoblemSttemnt
Amentioned,thpurposeofthiswrkistoprposeamethodologyand
algorithstoaccuratelyesimatetheDLthoughputorcapaciy(C[bit/s])
ofLTEsystemsinrealistcscenarithatcosidersthedegradationhatthe
di↵erentoverheadmchanismsproduce.
Ititivly,userthoughputincreaseswiththnumberofusfulREdur-
inagivntimeintervalofinterest.Thistieinterval tcanbeeither1
TTIr1frame,dependingontheproblemathand(numerfusersfil
sizetodownladbyayur,et.).Inthispaperwewilllabeltheotal
nmbrfusefulREs(thatis,thseforuserdat)durigatimeintevl t
byusingthenotion:
Overeapercntage
(withrescttotheavilablREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,
 O
 t
E,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
repreent,espectively,thetotlnumberofavail-
be(all)adverheREswithinthetimeirl t.Supescript t
isntsuerfluoussincitillssistusinmelingvarietyofsituation
wihanunifidformalsm.Aswillbodeldinthisper,someovrhead
compoentsappearolonceperfrmewhileothersrerepeatedeverTTI.
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Figur 5: Overh d p rce age (%), with es ect t  tRE, T, as a function of BW. Squared
symbols repr ents  OFrameRE, T(%)  OTTIRE, (%).
  IE, (%) =
OFrameRE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of erhead on DCI length LDCI
As a functi f BW...
6.3. I fluence of Ng “PHICH Group Scaling Factor”
As a functi n f B ...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
Whe the system is configured with its highest parameters and all the
available resourc s are assigned to a single UE which is in the best r ception
conditions, he highest data-rate provision ca be expected. An accurate
v rhead alcul tions that is customized with the system configura ion, pro-
vides us with the exa t m unt of usef l resources t at can b assigned for
da a-transmission.
Consi ering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 6: v rh a p centage (%), with respect to A tRE, T, as a functi n of B . Squa ed
ymbo repr sent  OFrameRE, T( I, ). OTTITOTAL =  O IPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
6.2. Se sit v ty of ov rh ad on DCI leng h LDCI
As a functio f BW...
26
6 1. Influ nce on each c mpo en as functi n f BW
Fo 1.4 is 31%. RS is 91%...
Fo 20 MHz is 16%. RS is 46%...
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For OFDMA-based ne work, such as LTE, the available m dels c be
s e i two m jor ategories. The owe -control b sed odels study the
c ination of he system onfiguration a d he service ar a a a func ion of
SINR istribu ion [14]. The rate-con rol b sed model focu on the combi-
n tion of t te configuration and the data-rate pr vision as a functi
of the load d stributi n [15]. The p rf rmance mo l is then the optimized
solu io to prov de t e de a ded data- t in t ar et area, belo the best
t hi g s e configur tio .
Con id ri g the r qu rement of he r (lo d) ba d model o ave
ccurat easu e f r each ce l’s capacity, in this wo k w p esent a mathe at-
ic l et odology t c lculate the dat -rate r ision for ulti-u er sce ari
for c cell with flex bl system co figur t on p ramete .
3. Pr blem Statem nt
As m ntio e , e pu pose of t is ork s t propose a etho ol gy a d
lgorit s to accura ely es te h DL thr ughput o capacity (C [bit/s])
f LT syst s in re li t c c n i s that consider the degra a i that
di↵erent o rh d m ha m pro c .
I uitiv ly, user t r ughp increa s with he number of seful E du -
i g a giv i e int rv l of inter s . T is ti e interval  t an be ei her 1
TTI 1 fr , dep n ng on th roble at h n (numb r f users, file
siz t be dow lo d by ny user, tc.). In this pap r we will l bel he total
umb r of ful REs ( is, t ose fo us r data) during a tim interval  t
by usi g e ot io :
OFra eRE, T(%) = O
Frame
RE, T
Fra e
RE, T
⇥ 100
U tRE, T A tRE, T  O tRE, T, (1)
where A tRE, T n O tRE, T repre nt, respectively, e total n mbe of ava l-
abl (a l) and over ead R s within the time i t r l t. Su rscri t  
is ot uperflu u si ce i will ssis s del ng a variet of situa ion
wi an unified fo malism. As will b m deled i h s paper, some overhead
co onents p ear o ly onc per frame while ot ers are r peated e ry TTI.
To pr c d further with LTE cap city sti ion it s conveni nt to con-
sid r h t not a l the bits ar used to tran port user data but also to de ect
errors (for instanc , Cyclic Redundanc Check (CRC) bits). The user d ta
5
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For OFDMA-based network, such as LTE, the vailable models can be
een in wo m jor categories. The pow r-c ntrol based mod l tud e
co binati n of h syst configuratio an the ervic area as a functi n of
SINR di tribution [14]. T ra e-control based models f s o h co bi-
a ion of s em configu ati n and the data-rat pro i ion s a fun tion
of he loa dis ribu i n [15]. Th perf rma ce m del is e the op i ized
s lu ion t pr vid th deman ed dat -r te in the t g rea, below t e best
ma chi g sys configur t o .
Consid ring t e r qu r n of th rat (loa ) bas d odel to av n
accu ate measure for each cell’ ca acity, i is wo k we r sent a ath mat-
ic l hodology calculat the a-rate p ovisi for mul i-u r sce arios
ach cell wit fl xible syst m configu ati n ame ers.
3. Pro l St e nt
As m ti e pu pose of t i w rk i o pr po e a thodolog and
a gori h s o a l stimate t e DL thr ug p t r c p ity (C [bi /s])
f LTE s st s in r lis ic scen r s tha onside s the de ada on that the
di↵ ren ov r e d m h is s ro ce.
I tu ely, us r throug p t in reas s with the n ber f usef l RE -
ng give ti e int rv l f t rest. This ti e in erv l  t c n b e her 1
TI or 1 frame, ep din on he pr blem at a (numb r of sers, fil
size to b lo d b a use , t .). I i pape will label he tal
nu ber of seful RE (th is, those for u er da a) during a time n erval  t
by using he o ion:
 OTTIRE, T(%) = O
Frame
RE, T
AF amRE, T
⇥ 100
U RE, T = A RE, T  O tRE, T, (1)
wher A tRE, T a d O tE, T repr se t, re pecti ely, the ot l numb r of avail-
abl (all) nd verhead RE wi hi t ime i terval  t. Super crip  t
is not superfl u since it will assist us in modeli g a va iety of situa i n
with an u ified formalism. As will e mod led this paper, so e overhe d
compone ts appe r only on e per f m w ile her are r peated very I.
o pr ce d f r h r with L E c p city s imation it i convenient to c n-
si er that ot all the bits are us d to transport user dat but also t detect
errors (fo in tance, Cyclic R dundancy heck (CRC) bits). e user data
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Fo OFDMA-based ne work such s LTE the availab e odels can be
s en i two major c tegor s. Th p w r-co trol based mod ls study he
combina i n f t sy te co figurati n the e vice area as a functio of
SINR dis i ion [14]. The ra e-c ntrol bas d models focus on he combi-
nati n of t e system configura ion and the a-rat pr visio as function
of e load di tribution [15]. T perfo manc od l i then the op imiz d
soluti to rovide th dem nded data-rat in the ta ge a a, below the b st
m tch g system config ra ion.
C nsid ri g the requ r men of the r te (load) based model to have an
ccur te measur f r e ch cell’s capacity, in his work we pr ent a mathemat-
ica met o l gy o c lculate the a a-r pr vision fo ulti-use scenarios
for ch cell with flexible system c nfig ration p rame ers.
3. Probl Sta e ent
As me tioned, t purp se of thi work is pro o e a methodology and
algorithms t a curate y stim te th DL t roughput or capac ty C [ it/s])
of LTE sys e s in realistic scenarios th considers the d gradatio t t the
di↵e e t o er ead e hanis s rod ce.
In uitiv ly, user throughput i creases with e number of useful RE dur-
ing a giv n tim interval of i teres . This im int rval  t c b ith 1
TTI o 1 fra e, d pending o the p obl m at and ( umber of users, file
size to be d wnlo by an ser, etc.). In this pa r we will label he total
umber of us ful REs (that is, those for s r data) uring a ime in erval  t
by us ng the n ta i :
Ban wid h, BW (MHz)
 OTTIRE, T(%) = O
Fram
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O RE, T, ( )
where A tRE, T and O tRE, T represen , resp c ively, the tota number of avail-
abl (all) overhead RE within t e i e int rval  t. Superscript t
is not superfluous i c it will assist in modeling a v riety of situation
with an unified for a ism. As will be odeled in this paper, some overhead
components ppear ly onc per fra e while others ar rep ated every TTI.
To proceed further ith LTE c p ci y estimati n is onvenient to con-
s de hat not all t e b ts are sed t transp rt user a but also to detec
5
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!!!!!!!!!!!!!!!!!Sioin
ForOFDMA-basdnetwork,suchasLE,thavailablemodelscanb
seeintwomajorcategories.Thepower-controlbasedodelsstudythe
combinationfthesystemconfigurtionandtheserviceareaasafunctionof
SINRdistribution[14].Therate-ctrolbasedmodelsfocusonthecombi-
nationofthesystmconfigurationandthedata-rateprovisionasafunction
oftheloadditribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-ratinthetargetarea,belowthebest
machingsstemonfigrain.
Consideringthquirmentfhrat(lod)basedeltohavean
accurtemasureforeachcll’scapcity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedta-rateprovisionfrmuli-userscnarios
forachcellwithflexiblesystemonfigurationparameters.
3.ProblemStatemet
Asmentioed,purposeoftisworkistoproposeamethdoloynd
algrithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystesinrealisticscenariosthatconsiderthdgradationthatthe
di↵erentoverheadmechanismsproduce.
Inuitively,usertrughputincreaseswiththeumberofusfulREdur-
ingagivntimeintervalofinteres.histimintervl tcanbeiher1
TTIor1fram,dependingtheprobleahad(numberofuers,file
sizetobdownloadbynyuser,etc.).Inthispaperwewilllabelthetotal
numberfusfulREs(hatis,thosfruserdata)duringatiminerval
byusigthntation:
Overhaperceage
ihrespecttoevailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wherA
 t
RE,T
adO
 t
RE,T
represent,spectively,thetoalnumbrofavail-
able(ll)andoerheadRswithinthimeinterval t.Superscript t
isntsuperfloussiceitillassistuiodlgavarietyofsituation
itnunifiedformalim.Aswillbemoldinhispaper,someovehead
componsappearlyonceperframewhileothersarerepeatedeveryTI.
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Figure 5: Overhead percent g (%), wi h r pect to A tRE, T, s a f nction of BW. Squared
sy bols rep esents  OFrameRE, T ) OTTIRE, T(%).
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!!!!!!!!!!!!!!!!!S mina
Fo OFDMA-b ed network, such as LTE, the av ilable odels c n be
in t ajor cat g rie . Th p w r-co trol bas models study t
co bina io of he sys m co figur on a t service a ea as function of
SINR dis rib ti [14]. T r e-c rol se d ls f cus n the combi-
i of h yst m fig on nd t data-r te rovision s function
of the l distribut n [15]. Th p rf rm nc mo el is th n th o timized
s lu ion p vide th d ma d d data-r t he targ t ar a, bel w th best
ma ch g syst co figur ion.
C nsi ri g th q en of the r te (l ad) ba ed model to hav an
ac urat s r r a h c ll’s capacity, in is work e pr s t mathe at-
i al m odology t c l u t h data- ate provi i n f r mul i-us r sc arios
for eac c ll wit flex ble sy m configur ti n p ram t rs.
3. P bl m tat nt
As men io d, th p rp s of this ork s to prop se a methodology and
algor thms o ccura ly m t he DL roughpu r capaci (C [b t/ ])
of LT stems i real stic ce arios that considers the degradation that the
di↵erent verh ad mech isms produc .
Intuitively, user throughput increases with the ber of useful dur-
i g a i im int rval of i er t. This time int rval  t can b eith r 1
TI or 1 frame, d pending on he pr blem at hand (number of users, file
size to be d wnload by a y u er, etc.). I this pap r we will l bel the tot l
m r of u ful REs (th t is, ho fo use d t ) duri g im int rval t
by usi g th n t tion:
OFrameRE, (%) = O
Frame
RE, T
Fra e
RE, T
⇥ 100
U tRE, T = A tRE,    t , , (1)
where A tRE, T and O tRE, T repres nt, r spec ively, the t l umber of avail-
able (all) overh ad REs within the time interval  t. Supers ript  t
is not sup rfluo s nce it w ll sist us in m deling variety of si uation
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajoregories.Thepowe-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftsystemconfigurationndthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiotoprovidethedeandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscnarios
freachcellwithflexiblsystemcofigurtionparameters.
3.ProblemStatement
Asentioed,thepurposeofthisworkistoproposeamethodologyan
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradatiothatth
d↵eretovrheadmechansmspruce.
Intuitively,serthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcnbeeither1
TTIor1frame,dependingontheprblemathand(numberofusers,file
siztobedwnlodbyanyuser,etc.).Inthispperwewilllabelthetotal
numerofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttothavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
represent,rsectively,thetotalnumberofavail-
ble(ll)anorhadREswithinthetimintrval t.Superscript t
snotsuperfluoussicitwillassistuimodelngavarieyofitation
withnifiedfralism.Aillbeoeldinthispp,smeoverhead
componnsappeaolyonceperframwhileothersarerepeatedeveryTTI.
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Figur 5: Overhead percentage (%), ith respect to  tRE, T, as a func ion f B . Squ red
sy bols represent  OFramRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameR , T
⇥ 100
6.2 S nsitivity f overh ad on DCI length LDCI
As a func ion of BW...
6.3. Influence of Ng “PHICH Grou Scal ng F ct r”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When t e system is configured with its highest parameters and all the
availabl reso rces are assigned to a ingl UE which is in t e best r ce tion
conditions, the highest data-rate provision can be expected. An accurate
overhead calcula ions that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculat on, t following system config ration shall be pplied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. Infl ce n each o o en s a fun tion f B
For 1.4 is 31%. RS is 91%...
For 20 Hz 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Sio ina
For OFDMA-based netwo k, such s LTE, e av ilabl mo els can be
s e i maj r ca go i . Th p w -co tr base mod l s u y he
co bin on f the y tem configur t n d t e servic a ea a a func ion of
SINR istr i [14]. T rat - o trol b s d odels focus on the co bi-
nati n of e sys m c nfi a i n a d he da a-r t rovi ion as a func i n
of h l dis rib t on [15]. Th p rf rm c model i the p miz d
olution p ovide the d e da a-r i the t rg t ar , b l w he b st
a ching sys m co figur ti .
Co id i g t e r q ir me f the r (l d) b sed l o have an
c ur te asur f r ach ell’ ac ty, in t i w k r se a m he at-
c l o o gy to alc late e data-r t rovi i for multi-user scen rios
for e l with flexibl s s em fi u t on par meters.
3. P bl Sta e en
As me tio ed, t e purpos of this work is to p op s a me odol gy and
lgorith s to accura ely s im e he DL throughp or capaci y (C [b t/ ])
of LTE yst ms i ealist c c nari s at c n id rs de radati n that the
di↵ rent verh ad chanisms produc .
Intuit v ly, use throughput in reases wi h the umber of sef l RE ur-
i g a gi e ti int val of i r st. Thi time i terval   ca b eith r 1
TTI or 1 frame, d p nd ng on he robl m at hand (number f use s, file
z t b wnl d by a y u , etc.). In this p r we will bel he total
m r of eful Es (t i , th se for us d ) duri g tim in erval t
by usi g t e ati n:
 OF ameRE, T(%) = O
Frame
RE, T
Frame
RE, T
⇥ 100
U tRE, T = A tRE, T    RE, T, (1)
whe e A tRE, T a d O tRE, T r pr s n , re pec iv ly, h t l num er of v il-
able (all) a overhe d REs within the ti e interval  t. Superscript  t
is ot sup rfluous sinc it ill s ist us in m deling a variety of situat on
wit unified formal sm. As will be m deled in this pap r, s me overhead
co onents ppe r nly o ce per fra e while others are repeated every TTI.
To proc ed fur he with L E capacity estima ion i is convenient to con-
sider that not ll the bits are used to tra sport user dat but also to det ct
rors (for instance, Cyclic Redu dancy Check (CRC) bits). The user data
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Fo OFDMA-b sed etwork, such s LTE, th av ilable models can b
see n t o ajor a ie . Th power-c nt ol bas m l study e
c bin ti f the s s o fi ur io and t e servi e rea s a fu cti of
SIN di r bu i [14]. The -contr l b s d ode s f cu o the mbi-
a io f e sy e configurati n nd -r t ovision a c on
of h l ad istr bu ion [15]. T p fo nc od l is t n t e optimized
olu i n t provi h d e -ra i rg t r a below the best
m chi g yst config rat o .
Conside i g th q i of he ate (lo d) model av an
ccura e measur f r ach l’s capacity, i this w rk w p e e t a m e at-
cal et d logy t calc late th data- at provis on f ul i user scenario
for ach ell wi h flexibl syst m onfigura i p ra eters.
3. Probl m St tem t
As ntioned, the pu pose o t is ork is t prop se hodo gy and
algorithm o ac u at ly s im t the DL ghput or ap c ty (C [bit/s])
f LT yst ms in r ali tic sc n rios at c siders the d gradati n tha the
di↵ re t ov rhe d ch ni pro u e.
I tu tively, us hrou hput increa es with th number f useful E dur-
ng a given ti e interval of interest. This ime nterval  t can be either 1
TTI or 1 fr me, dep ndi g on th p o l m at and (nu ber of users, fi e
siz to be dow l by any se , tc.). In t is paper we will lab l the total
nu b r of useful Es (t t is, th se for use data) uring im interval  t
by using the ation:
 OTTIRE, (%) = O
rame
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
whe e A tRE, T a d O tRE, T repr se , re pec ively, th o l number of v il-
able (all) and overhe d REs withi the time in erval  t. S erscript  t
is not superfl ous since it will assist us in modeling a variety of situation
with an u ified form lism. As will be modeled in this paper, some overhead
co ponents appear only once per fra e while others are repeated every T I.
To proceed further with LTE capa ity timation it is conve ient to con-
sider that n t all the bit ar used to trans ort user data but also to det t
errors (for instance, Cyclic Redundancy Check (CRC) bit ). The user data
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For OFDMA-bas n tw rk, s c as LTE, the av ilable m d ls can be
see in two ajor ca egorie . The ower contr l ba e mod ls study h
mbi ati n of the system configurat on and th servic re as a functi of
SINR ist ibution [14]. T e r t -control based mo s f us o th combi-
natio f h s m c nfiguration and the da a-rate p vision s a fun t on
of t e l d ibuti n [15]. The perfor a e model s then t opti ized
solu ion t r v de the dema de data-rate n he targ t ar , bel w e b st
match g system config ration.
Consi eri g the requir ment of the ( oad) based o l to have an
c ra e measure for eac cell’ c p city, in hi w k we present a mathe at-
ic l m t odology t c lcula he dat -rat pro ision for multi-us scenari s
fo each ell with flexible system o fi urati p ame rs.
3. Problem S atement
As e ion d, the purpose f this w rk t p opose a me o logy and
alg rithms o ccurat l estim te DL throug put or c paci y (C [ it/ ])
of LTE sys ems in ealistic scen ios hat cons ders e degradation that the
di↵ re over ad e h nis s p odu .
Intuitively, us r throughput increases with the nu ber of useful RE dur-
ing a given time nterval of int rest. Thi ime interval  t can be either 1
T I or 1 frame, d pe in n th problem han (number f users, file
size to be downloa by any user, etc.). In this paper w will label th t tal
nu ber of us ful REs (that is, th se f r us r dat ) duri g a time interval  t
by us ng the n tation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T A tRE, T  O tR , T, (1)
where A tRE, T and O tRE, T rep esent, r pectively, the to al umber of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superflu s sin e it will assist us in modeling a variety of situation
with an unifi formalism. As will be modeled in this paper, some overhead
components appear only once p r frame w ile others are repeate every TTI.
To proceed further with LTE capacity estimation it is convenient o con-
si er that not all the bits are used to tr nspor user da a but also to detect
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ForOFDMA-bsednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistributio[15].Theperformancemodelisthentheoptimized
solutiotoprovidethedemandeddat-rateithetargetarea,belowthebest
matchingysteconfigurtion.
Consderingtherequiremenftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapcity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-ratprovisionformulti-userscenarios
foreachcellwithflexblesystemconfigurtionparameters.
3.PoblemStatement
Aseied,tepurposeofthisworkistoproposeamethodologyand
alorthmstaccatelyestimateheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenrioshatconsidersthedegradationthtthe
di↵erentoverheadmechanismspruce.
Inuitively,ethroughputincreaseswththnumberofuefuREdur-
iggiventimeitrvalofinterest.Thistimeinterval canbeeither1
TTIor1frame,depeningontheproblemathand(numberofusrs,file
siztobedownlodbyayuser,etc.).Inthispperwewilllabelthetotal
numerfusefulREs(thatis,thoseforuserdta)duringatimeinterval t
byusngtenotation:
Overheadpecentage
withrespettotheavailablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
where
 t
RE,T
andO
 t
RE,T
rprsent,rspecively,hettalnuberofavail-
able(ll)anderheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussiceitwillssistuindelngvarietyofsituation
withanuifiedfmalism.Aswllbmdeldinthisppr,somoverhead
coponntsappearolyceperframewilthersrerepeatedeveyTTI.
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Figur 5: Overhea perc ntage (%), with respect o  tRE, T, as a functi of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S ns tivity of overh ad on DCI length LDCI
As a fu tion o BW...
6.3. Influenc of Ng “PHICH Group S aling Factor”
As a function of BW...
6.4 Sc n ri 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highes parameters and all the
avai ab e resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful res urces that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Ov rh a perc ntage (%), with respect to A tRE, T, as a functio f BW. Squared
symbo s repr se ts  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of verhead on DCI length LDCI
As a function of BW...
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6.1. I flu nce each c pon t func io f BW
F 1.4 s 31%. RS i 91%. .
For 20 MHz i 16%. RS is 46%...
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For OFDMA-based network, such a LTE, the available models can be
seen in two major categories. The power-cont ol based models study the
combin tion of the sys em configuration and the servi area as a function of
SINR di tribution [14]. The rate-control based models focus on the combi-
nation f the system c nfiguration and h data-rat provision as a function
of th l d is r bution [15]. The performance odel is then the optimized
solution to provide the de a ded data-rate in th targe a ea, below the best
mat hing system configuration.
Considering the requir en of th rate (lo d) ba ed model to have an
accur e m asure for e ch cell’s capac ty, n thi work we pr sen a mathemat-
ical e o ol gy o calculate the data-r te provisio for multi-user sc narios
fo ach cell wit flexible sy tem configur ti n parameters.
3. Probl St t
s me ti ned, the urp se f his w rk is to propos ethodol gy and
a g ith s to accurat es ima e e DL throughput or ca aci y (C [bit/s])
of LTE sys ms i re lis ic scen rios t at co siders the degradati n that the
di↵er t ov r e d m chani m produc .
I iv ly, us r t rou hput incre ses with the number of useful RE dur-
i give e in val of i terest. T i i interval   an b either 1
I 1 ra e, d p di g o the pro lem at h nd ( u r of us , file
iz t wnload by n us r, etc.). I his p per w will l bel the total
nu b r f useful REs (tha is, o for u er da a) during tim int rval  t
sin no ati :
Fram
RE, T(%) =
OFra eRE, T
AF meRE, T
⇥ 100
U tR , T = A tRE, T  O tRE, T, (1)
wh r A tRE, d O tRE, T epr sent, resp ctively, t e total number of avail-
le (all) v r d REs withi ti e inte val  t. Su ersc ipt  t
is not u rfluous i ce it will assi t us in modeli g a variety of situation
w h u ifi d form lism. As wi l be mod led in this p per, s me over ea
o po nt ppe only once per fr me whil o rs are re ea e every TTI.
oceed further wi LTE c pacity stimation t is convenient to con-
sider tha no all the its re used to transport user dat but also to detect
errors (f r ins e, Cy ic edun ncy Ch ck (CRC) bi ). The user d ta
5
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For OFDMA-based network, such a LTE, the available models can be
s e in wo aj r cat gor e . The pow r-c t ol based models study the
combination f the syst m configuratio and the servic area a a func i n of
SINR dist ibu ion [14]. Th rate-control based odels focus n the combi-
nation of the system configur tion and the data-rat provision as a function
of he load distribution [15]. he performance odel is then t op i ize
solu io p ovide th de a ded data-r te in the target rea, below t best
atc ing ystem configur tion.
Co sid ring he equir m nt of h rate (lo d) ba ed model t have a
cc r e ur f r e h c ll’s capac ty, in this work w pres nt math mat-
i al h dol gy calc l t e data-r e pr vi io for ulti- ser sce arios
ch c ll wit fl x ble system co figur ti n p ame ers.
3. Pro l m S m nt
A men io ed, th purpos f this work is to propose a e hodology and
al orith s to ac ur el estima e the DL th oughput r c pacity (C [bit/s]
of LTE sys ms n alis ic s enar s that cons d s t gra tio th t th
di↵ rent overhead ech is s p u e.
I tuitively, r g put increases with the number of useful RE dur-
n giv n im i val f inte t. Thi time interval   an b ither 1
TTI 1 fra e, d p d g on he pro em at hand (number f s rs, file
ize o b w l b a y user, et .). I th s p per we will label the total
b r of usef l REs ( at s, hose for u e at ) urin a ime interval  t
usi g th o ati n:
OTTIRE, T(%) = O
Fr m
RE, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh r A  , T nd O tRE, T epr sent, e p tively e tot l nu ber of avail-
bl ( ll a d ver ead REs withi the time in erval  t. Sup rscript  t
i not u rfluous sinc i wi l assist us i odeling variety of it ation
wit a unifi d for alism. As wi l b model d i thi paper, som overh ad
c mp nts ppear only o ce er fram whil oth rs are repeated v ry TTI.
To proceed f r wi LTE capacity estim io it is c nvenient to con-
ide h ot ll bit ar used to port ser dat but also to detect
erro (for inst nc , Cyclic ed dancy C eck (CRC) bits). The user data
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F r OFDMA-bas d n twork, suc as LTE, the available models can be
se n i two maj r at g i s. Th ow r-c ntr l bas d m dels study he
mbin tion f th system c figura i n and the servi re as a fu tion of
SINR d st ibut [ 4]. The r te-c ntrol based models focus on the combi-
atio of th sy em configuration nd th a a-r t pr v sio as a function
of the lo d distribu ion [15]. h per orm nce model is th n the optimized
s lu ion to p ovide th demanded d t -r t in the targ t area, below th best
atching ystem configurati .
C nsid ri g he require e t f the ate ( o d) bas d model to ve an
acc rat asur for ach cell’ capacity in this work we p esent a mathemat-
c l meth dology to alculat the d t -rate r ision for multi-user scenarios
f r eac ll with flexibl ystem configurati param ters.
3. P l m S t en
As mentioned, the purpo e of this work is to pr os a methodology and
algorithms t ccu at y sti te the DL th oug put or capacity (C [ t/s])
f LTE sy e s in r ali tic s ena ios that onsid rs e d gradation that the
di↵e ent ove h ad m chanis s p odu e.
Intuiti ely, user through ut increases wit th nu ber of useful RE ur-
ing give time i te v l of i rest. This time interval  t c n be ei er 1
TTI r 1 fr me, depending n the pr blem at hand (number of users, file
iz o b downl a by any user, etc.). In this paper e will label the total
umber of us ful RE (t at is, os for ser a a) during a time inte val  t
y us g th o ation:
ndwidth, BW (MHz)
 OTTIE, T( ) = O
Fra e
E, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe e A tRE, T and O tRE, T represent, respecti ly, the total number of avail-
bl (all) d verh d REs withi the ti e i ter al  t. Superscript  t
is o superfluous since i ill assist us in mo eli g a variety of situ tion
wit an u ifi d f rmali . As ll be odeled this p per, s me overhead
compone ts appe r only once per frame w ile othe are repeated every TTI.
To p oceed fur her with LTE capacity estimatio it is conve ient to con-
sider that not all he bit a e used to transpor ser dat but also to d tect
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FrOFDMA-basednetwork,suchasLE,theavailablemodlscane
seeintwoajorcatgories.Thepwer-controlbasdmodelstuythe
combinationofthesystemconfigurtiandthesrvicareasafuctionof
SINRdisribution[14].Therate-controlbaedodelsfocusncobi-
nationoftesystemcnfiguationndthda-raeprovisonasafution
oftheloadditribtion[15].Teperfrmacmodlitheheoptimizd
slutiontoprvidetheandeddt-raeithtagetarea,belowthbt
atchingsystnfigrtin.
Coidingtherequiementoftherat(lod)basedmodlohavean
accurateeasuefreaccell’capacity,inthiswrkweresentamthmt-
ialmthdolgytcalculaeedta-rteprovisionfrmulti-usercenaris
freaccllwihflexbleystemconfigurtioparaeters.
3ProblmSttmt
Asmntie,thpupofthisorkisproposeaeoologyand
lgorithtaccurelyetimatetheDLthrughputorcapacity(C[bit/s])
ofLEsysmsinreaisisceariosthtcosdershedgradationthatthe
di↵erentovehedmechaismrodue.
Intuiively,userthroughputicreaseswiththnuerofusefulREdu-
ingagiventiirvalofintrest.Thitimeinterval tcaneeithe1
TIr1fra,dependngnthproblemthand(nuberofsrs,file
zetobedowloadbyanyser,etc.).Intispaperwwilllabelthetoal
nmbrofuefulREs(thai,toefosrdta)duringtimeitervl 
bysingtnoatio:
Overheadperage
witrspectttavailableREs
,BW(MHz)
 O
TTI
RE,T
(%=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
ndO
 t
RE,T
represnt,respetively,ttotlumberfavail-
abl(ll)ndorheadREswithintetimeinerval t.Surscript t
isosupefluusinceitwillassistuimodelngavatyofsitutin
withanunifiedfrmalism.Aswillbemdledinthispper,someoverhead
cmpontsapearolynprfmwhileothersarerpeateveryTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscabe
eenintwomjrcategories.Thepower-controlbasedmodelsstudyth
combnationofthesystemcofigurationadhsrvicaeaasafuctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-raterovisionasafunction
ofthloaddistribution[15].Theperfrmancmodelisthentheoptimized
solutinoprovidethedemandeddata-rateinthetargetaea,belowthebst
matchigystemcnfiguration.
Conideringtherquirementoftherate(load)basedmodeltohavean
accratemerforeaccell’scapacity,inthsworkwepresentamathmat-
iclmthoologytocalculatethedata-rateprovisionformli-userscenarios
foreachcllwithflexiblsystemconfigurationparameters.
3.ProblemStatmet
Asmentioed,thepurposeofhisworkitprposeamethodologyd
algrimsoaccuratelyesiatethDLthrughputrcpacity(C[bit/s])
ofLEsystemsinrelsicscenarisatconsidersthedegrdationtatthe
di↵ernveheadmechanismsprduce.
Intuitively,urtrughputincreaseswiththenumberofusefulEdur-
iggivntimeinervalfinterest.Thistmeinterval tcanbeithr1
TTIr1frame,dpedigntepblemthnd(nberofusers,file
sizetobedownladbyanyu,c.).Inthispprwewilllabelthetotl
numberofusefulREs(thais,thoeforuserdaa)durigatimeintrvl t
byusigthenotion:
Overheadpercenage
(withrespecttteavailableREs)
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⇥100
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RE,T
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 
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
nO
 t
RE,T
reprsnt,respectivelythetotaluberofavail-
abl(ll)andoverheadREswithinthetiminterval t.Superscript t
isosuperfluussiciillasssusimodelingavieyofsituation
witanuifiedfrmalis.Asillbeodldinthispaper,omeoverhad
cmpoensppearonlonceerframewhileothersarrpeaedeveryTTI.
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OFDMA-ba ne work, uch as LTE, the available models can be
s in w j r cat g ri s. The power-control based models study the
co b n i f th sys m c figu atio and the service area as a function of
SINR s ributio [14]. Th ra -con rol b sed dels focus o he combi-
i n f th sy tem onfiguration nd th data-rat provision as a function
of h l distrib [15]. The p rf r a ce mo el is h n the op i iz d
s lut on to pr vid t a ed d -rate in the t rg rea, l w the bes
m chi g sy configur ion.
Co ider ng the req i e e of the rate (l ad) bas mod l to have n
ccur te mea ure for ach cell’ c pacity, in this w k we r se t athem t-
ic l m t olog to c l la h dat - e provisi n f r multi-user scenarios
for e ch c ll wi h fl xibl sy t m config ration parame rs.
3. Probl S e en
As n io , the pur se f his o k is o p e a me dology and
l or ms to ccur ely s imate h DL throughput or capacity (C [bit/s])
of L syst s i r ali ic cenar s that consid rs th d gr d i tha the
i↵ r n verh d mec is s produce
In uitively, u r th ghput incr a es w th th umber of useful RE dur-
i g ive ime inte v l of inter st. This tim interval  t can e either 1
TTI r 1 fr , dep nding on th probl m at and (number of us rs, file
size to ownlo by a y us r, etc.). I this pape w will lab l the total
b of ful E ( hat is, ho e fo user data) during ti e interval  t
b using not tion:
 OF a eRE, T = O
Fram
RE, T
AFrameRE, T
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
wh A tRE, T and O tRE, T epresent, respe tively, the total number of avail-
abl (all) a d ov r e d RE within the i e i terval  t. Superscript  t
i superflu us ince it will assist n model ng a vari y of situation
i h un fi d formalis . As will be model i this p per, some o erhead
c mp n nts pp ar only onc per frame while othe s are rep ated every TTI.
T proceed furt r with LTE capacity estimation it is convenient to con-
ider tha n t all the bit are used t transport user data but also to detect
er or (for in nce, Cyclic Redunda cy Check (CRC) bits). The user data
5
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For OFDMA-b s d n twork, ch as LTE, the av il ble odels can be
s in t o jor ca gori s. Th power- ontrol based m dels study th
ombin on o the sy t m onfi uration and h service ar a as a functi n of
SINR is rib i [14]. T e rate-contr l b sed odels focus on the combi-
atio f he y em c nfiguratio a d the d t -rate provision as fu ction
f t lo d dis ributio [15]. T p f r mod is the th optimize
ol tio to provid t e deman d d a-rate in the t rg t a ea, b low the best
matc in sys em fig r tio .
Co i eri g h q ir m n of e ate (lo ) b sed o el to have an
acc r a r fo e ch ll’ c p ci y, n t is w k we prese a mat emat-
ic l o to c cul t t d t -r te provision for multi-us r sc arios
f r eac ce l wi fl xible s t m configu tion parame r .
3. Problem Stat nt
A nti e , the purpos f t i work i to pr po e m h dology and
l rit to ccu at ly estim e the DL thro g t o capa ity (C [bit/s])
of TE em realistic scen ri s tha onsid rs he degradation that t e
↵ re overh a e h isms prod ce.
I t iti ely, u er th ough ut incr s s with th umber of u ef l RE ur-
i g giv i e nter l f i erest. T is m interval  t can b i her 1
TTI or 1 f ame, dep nding the problem at hand (number of u rs, fil
ize to be ownlo by any use , e c.). I t is aper w will lab l the to al
b r o u ful REs (tha is, th se f us r a) du ing a time interval  t
by u g nota io :
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A t ,  O tRE, T, (1)
h A tRE, T and O tRE, T repr en , r sp ctively, he total number of avail-
able (all) a d ov rh REs wi hin h time in erval  t. Superscript  t
i ot s p rfluou sinc it will ssist us i modeling a variety of situation
with an unifi formalism. As will be modeled in his paper, some overhead
c mpon nt appear o ly once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all th bits are used to transport user data but also to detect
er rs (for instanc , Cyclic Redundancy C eck (CRC) bits). The user data
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F r OFDMA-bas d tw rk, such as LTE, the vailable models an be
e i two ajor ca gori . The wer- ontrol based mod ls s u y he
c mbin ti n f the syst c nfigu tion nd the s rvice ar a a a function of
SINR d tribut on [14]. T r te-c rol based model f cus o th combi-
n tion of t e sys em c nfigura on nd he dat -rat pr vision as a function
of the l ad dist ibutio [15]. T e p form nce d l is t en he op imized
solu ion to provi the de a d d ta- e in th t g t r a, b low the b st
ma ing syste configurati n.
Co sid ri g t e require en of the rate (load) b s d model to have an
ccu a e m a ur for each c ll’s pa i y, in this work we present a mathema -
ic l ethod logy o alc late the a-rate p ovision for multi-user sce arios
f r ach c ll with fl xibl system configur o paramet rs.
3. P ob e St t ment
As m ntioned, the purpose of this work is to propose a methodology and
alg rithm o accurat ly stimate the DL thro ghput or c pacity (C [ it/s])
f LTE sys ems in alistic scenario that considers the d gradation th t the
di↵e ent overh a mech nis s produce.
Intui ively, u r t roughput inc e es wi h he num er of us f l RE d r-
g given time i terval f i t re t. This time int rval  t can be either 1
TTI 1 f , de ending on the problem a h d ( u ber of users, file
iz o be ow l ad by y us r, etc.). In this paper w will l bel th total
number of useful REs ( hat is, those for ser data) duri g a time interval  t
by us ng th notatio :
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, (1)
w ere A tRE, T and O RE, T represent, pectively, the total number of avail-
ble (all) d verhead REs within the time i t rval  t. Sup rscript  t
is not superfluous since it will assist us in m deling a variety of situation
w th an unified formalism. As will be odeled in this p per, some overhead
compon nts appear only once per frame w ile others are repea d every TTI.
To proce d rth ith LTE c pacity stima ion it is convenient to con-
sid r that not all the bi s are used to transport user data but also to detect
5
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basenetwork,suchasLTE,heavailblemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfiurationandtheserviceareasafuctionof
SINRdistribution[14].Therate-crolbasedmodelsfocusonthecobi-
nationofthesystemconfigurationandthedta-rteprovisionasfunction
oftheloaddistribution[15].Theperformanceodelisthentheoptimized
solutiontoprovidethedemandedaa-aeihetargtae,blowthebest
matchingsystemconfiguration.
Considringherequirementftherte(lad)basedmodltohavn
accuratemeasureforeachcell’scapacity,intisworkwepresentaathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-usrcnris
foreaccellwithflexiblesystmofiguationparameters.
3.ProblemStatemet
Amentioned,thepuposeofthiswrkistpropseamehlogyand
algorithmstoaccurelyestimatheDLthroughptocapacity(C[bit/])
ofLTEsystemsinrealisticscenariostaconsiersthedgrdatioht
di↵erentoverhadechaimpduc.
Ituitivly,userthroghputincrasesitthemberofusfulREur-
ngagivntimeintevalofinterest.Thisiinerval tcanbeether1
TTIr1frae,epedingonthpoblemahnd(numberfusers,file
sizobownloadbyayuser,ec.).Inthipaperwewilllabeletotal
numberfusefulREs(thtis,tosforuserdat)durnaimeintrvl t
bysingthention:
Overheadercentg
withresectthavaiableREs
,BW(MHz)
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O
Frame
RE,T
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⇥100
U
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R,T
=A
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RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
rpresnt,resectively,tettalnumbrofavail-
abl(ll)ndrhadRswithinhetimintrval t.uperscrip t
isotsuprfluoussinceitwllssistuinodelngavrietyfsituaion
withaunifiedforalis.Ailleoeledinthispa,someovrhead
compontsperolyocepefamewhileothesaerepeatderyTI.
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forachcellwithflexiblesytemconfigurationparamter.
3.ProblemSatemet
Asmentiond,hepurposofthisworkistoprposaethodologynd
algorithmstoccuratelyestiatetheDLtroughputorcapacity(C[bit/s])
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di↵erentoverheadmechanismsproduce.
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inagivetimeintervalofinterest.Thistimeinterval tcanbeither1
TTIor1fame,dependingontheproblemathand(numberofusers,fie
sizetobedonloadbyanyuser,ec.).Inthispaperwewilllabelthetotal
numerofusefulREs(thatis,thoseforuserdata)driatimitervl t
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Figure 5: Ov rhead perc ntage (%), ith re c t A tRE, T, as a functio of BW. Squared
symbols r presents OFr mRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhe d on DCI length LDCI
As a functio of BW...
6.3. Influence of Ng “PHICH Group Scaling Fac or”
As a functio of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
vailable resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accur te
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I fl e e h c o n a fu ctio of BW
For 1.4 is 31%. RS is 9 %...
Fo 20 Hz is 16 . RS i 46%. .
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
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For OFDMA-b d netw k, such as LTE, th available models ca be
in tw major cat g ries. The power-contr l base mod ls st dy the
co bin t o of th yste confi urati nd the serv c area as a func i n f
SINR is ribution [14]. Th ra e-c trol bas d odels focus on h c mbi-
na io f he sy em c nfig ratio nd the da a-r t rovision as a function
of th l tr b ti n [15]. The perf ma c mod l is h n the op i iz d
olut on prov d e d ta- ate in the t rget area, below the best
ching sys m configura i .
Co i g th r quir m of t e rate (l d) base mo el o have n
ccur t s re f r e ch cell’ capacity, in this wo k we r sen a ma hemat-
ic l m th ology o lculate t data-ra provisi n for multi-user scen rios
f r h ll wit fl xibl syst m configu at on parameters.
3. Probl S e ent
A io ed, th pu pos of t is w rk is o p pose a methodology and
l o ith s to accurat y es i at the DL hroughp t or cap city (C [bit/s])
o L y t s in reali tic sc n ri s that consid rs degrad i n tha the
di↵ en overh d echanis s pr duc .
I t i ivel , s thr ughput inc e s s with the numbe of useful RE ur-
g a given ti t val f i rest. Thi time i erval  t ca e eithe
T I r 1 fr ep n i o the pr bl m at and (number of us rs, file
s ze t b wnl by a y us r, tc.). I this ap r w wil l bel the total
numb of useful s (th t is, se for user data) duri g ti e interval  t
b usi th o ati :
 OFraRE, T( = O
Frame
RE, T
AF ameRE, T
⇥ 100
U tE, T = A RE, T  O tRE, T, (1)
where A tRE, T a O tRE, T r pr s nt, respectiv ly, th tot l number of avail-
ble (all) n overhead REs within th ti e interval  t. Sup rscript  t
i no superflu us since it will as t u in modeling a variety of situa ion
th a u ifi fo alis . As will be mo ele in his paper, ome ov he d
c mp nen s ppear only once per frame while oth rs re r peated every TTI.
To pr ce fur her wit LTE capaci y estimation it is c nvenient to con-
sid r t a n t ll he bits are used to transport user data but also to detect
r r (for stance, yclic Redunda cy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!S i
For FDMA-based netw k, uch s LTE, t available models c n b
e in t o aj c go i s. Th p we - o rol bas d m l study t e
c bin ti n of the syst m onfi ur tion d the s rvic a as a functi n f
SIN di tribu ion [14]. T e r -control based odel focus on h com i-
n ti f he sy tem c figu ati n nd he da -r te pr vision a functi n
of lo distribut on [15]. T e perfor nc mo l is the pt mized
s lu io provide e dema d d ta-r te in the arg r below he b st
tc i g ys e nfig ration.
C si ri g h r quir men e r te (loa ) based odel to have an
u at e sur f e ch ell’ c p city, in this w rk we pres t a mathemat-
i l tho logy o alc lat the d a- at provision for multi us scenarios
r ll ith fle bl sy t m c nfigurati n p r meters.
3. P obl S a ment
en io , e purpose f t i wo k is to p e e h dology and
al o ithm o acc y estim the DL thr ghput or capacity (C [bit/s])
of LTE y e s n realis ic scen rios that c nsiders the degr dati n that the
↵ r ov r ead mec a isms pro u e.
Intuit vely, us r throughpu i creases with t umber of usef l RE dur-
g a iv e in rval f i terest. This tim interval  t can be either 1
TTI or 1 fr me, dep nd g on th probl m h nd (number of u er , file
ize t be ownlo d b a y us r, etc.). In this pape we wi l label the total
umber us f l RE (t is, s f us r data) during a time int val  t
by using t n a i n:
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tE, T = A tRE, T  O tRE, T, (1)
here A tRE, T and O tRE, T repre ent, re p ctively, he total number of avail-
able (all) nd ov rh ad REs withi he time in erval  t. Superscript  t
is o superfluous sinc it will assist us in modeling a variety of situation
wit a un fie form lism. As will b modeled in this paper, some overhead
c mponents appear only once per frame while others re epeated every T I.
To proce further with LTE c paci y estimation it is convenient to con-
sider that not all the bit are used to transport user data but also to detect
errors (for st nce, Cyclic Redundancy C ck (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siomi a
r OFDMA-b s d ne work, uch as L E, the av ilable m dels can be
e i w maj cat gori s. Th ow r-control bas od ls study h
mbi ati n f t e system c nfigura io and t s rvic area as a func ion of
SINR istrib ti n [14]. Th r te-co tr l bas d mod s focus on the combi-
na on of th sys m config ration a d a a- t pr vi ion as a function
of h ad st ib tio [15]. The perf rmance odel is hen th optimized
olutio r vid the m ed d ta- ate n he rget area, bel w the best
m tchi g sys m configuration.
C nsi e i g the r quir ent f th rate (load) based model t hav an
accurat m asur for e c ll’s capacity, n this work w present a m the at-
i al et o ol gy to ca c la e the dat -rate pro ision for multi-user scenarios
f e ch c ll wit fl xible syst m configur t para eters.
3. P oble St men
As men ioned, the u p se of this w rk o propos a me ho ol gy and
alg ithms o accurat l s ima e the DL throu hput or c pacity (C [ it/s])
f LTE systems in realistic sce arios that consi rs the d grad tio th t the
↵ t overh ad mechanis s produ .
Intui ively, us r thr ughp t inc e es wi h the um er of us f l RE dur-
in a given tim int v l of int r st. This ime interval  t can b either 1
TTI r 1 fr me, d pendi g on the robl m at hand (nu b r of us rs, file
size to be ow lo d by ny us r, t .). In this paper we will l bel th total
number f useful REs (that is, th se for ser data) duri g a time interval  t
by us ng t e notat on:
Bandwidt , BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tR , T, (1)
w ere A tRE, T nd O tRE, T represent, re pectively, the to al umber of avail-
ble (all) d overhea REs within the time i t rval  t. Superscript  t
is not s perflu us since it will assist us in modeling a variety of situation
wi h an unifi formalism. As will b odeled in this p per, some verhead
components app ar only once per frame while oth s are repeated every TTI.
T roceed further with LTE capacity es imation it is convenien to con-
si er t at not all th bi s are used to transport user data but also to detect
5
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesysteconfiurationandtheerviaraasafuncionof
SINRdistribution[14].Therate-controbasedmodelsfocusonthebi-
nationofthesystemconfiguratioandthedta-raterovisionasafunction
oftheloaddistibution[15].Theperformancemodelisthentheopimize
solutiontoprovidethedemandeddat-ateinthetagtaea,belowthebest
matchingystemconfiguration.
Consideringtherequirementofthate(load)basedmodelohavean
accuratemeasurefachcell’scapacit,inthisworkweprsentamathmat-
icalmethodologytoclculatethedata-rprovisionfomult-usescenarios
foreachcllwithflexiblesystemcofiguationparaeter.
3.ProblemSatemet
Asmntioned,theurposeofthisworkistoproposamethodogyand
algorithmstoaccrelyestimatheDLthroughputorcapacity(C[bit/s])
ofLTEsysteminrealisticscenariostatconsiderstdegrdationththe
di↵erntoverheadechanimspoduc.
Ituitivly,uethrughputincraseswithtenumberofusefulREdur-
ingagiventimeitervalofinterest.Thistiminterval tanbeither1
TTIor1frae,dpedigotheproblemthand(numerofusers,file
sizbeownloadbyayuser,ec.).Inhispperwewilllabelthettal
umbrfusefulREs(thtis,thosfuserdat)duinaimeintrval t
byusingthenotation:
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copontsapearlyoceprframewhiltherarerepeatdeveyTI.
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Fi ur 5: Ov rh d ercentage (%), th res ec to  tRE, T, as fu ct o of BW. Squared
sy bols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) =
Fram
RE, T
AFrame, T
⇥ 100
6.2. S nsitivity of overhead on DCI l ngth LDCI
As a function of BW...
6.3. Influ nce of Ng “PHICH Group Scali g F ctor”
As a f nction of BW...
6.4. Scena io 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
vailable resources are as igned o a ingle UE which is in the best reception
conditions, the highest data-rate provision ca be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum ervice pr vision capabilities of LTE, for max
data-rate calculati , the f llowing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Overhead percentage (%), with re p ct to A tRE, T, as a function of BW. Squared
symb s repres t  OFr eRE, T( I, ). OTTITOTAL =  O TIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensitivity f overh ad o DCI length LDCI
A a function f BW...
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Figure 11: Overhead components percentage  OTTIcomp i(%) with espect to OTTITOTAL, as a
function of BW (MHz). The i s defines the symbols us d for any component.
Figure 11 shows the p rcen age of each component over the to al overhead
OTTITOT (using th metric fi ed i (38)). It reve ls that OTTIRS pl y the key
r le since is much higher than all e o her componen s i l the scalable LTE
ndwidths. Note that, as BW increases, OTTIRS i creases, whil he o hers
reduc . For BW = 20MHz, OTTIRS = 91%. Furthermore, OTTIRS + OTTIPDCCH
r nges between 84% and 97%. Figure 12, computed at frame scale, exhibits
the same trends.
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o BW.
• F r n = 2,  ORS reduc s up o 42% while OPDCCH rise p o
⇡ 30%
• For n = 1 OPDCCH b co es cle rly do inan (⇡ 38%) hen c -
38
 O TIc mp i(%) =
OTTIco p i
TI
TOT
⇥ 100 (38)
 Ofr ec mp i(%
Ofra eco i
Ofr eTOT
⇥ 100 (39)
where ubsc ip “ p i” r f r any of t e c po nt (RS,
PDCCH, c ), i her TTI l v l (s p c ip “ I” in Exp. (38)) or at
fr l v l ( p rs i t “fr ” i (39)).
Using i s (38) n (39), ig es 11 nd 12 h the rel tiv co tri-
b ion of pone co p te , r spec v ly, at T I scal and a f a e
c le.
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For OFDMA-based network, such a LTE, the available mod ls ca be
se n in wo major categories. Th po r contr l b sed models study
c bina ion of th syste c figurati nd the servi a s a fun tion of
SINR dis ribution [14]. Th rate- ontrol bas d models foc s on he mbi-
natio f th sy m onfigura ion and h d -ra e p ovisio as a fu cti
f t l d dist ibution [ 5]. he erf rm c o el is he the optimized
so uti n to provi e the demand d d a- t in h rget rea, b l w the bes
tching syst onfigurati n.
C ns d r g h req iremen f e rat ( oa ) bas odel to h ve an
a ur ea ur for e c ll’ c ci y, i t is ork w resent math ma -
cal methodol gy to calcula e the d t -rate provisi for multi-user cenari s
ea ce l with flexibl sy t confi uratio p rameters.
3. Pr bl S t m nt
As mentio , he purpos of his w k i propos a e d logy n
lg ri hm to a curat ly e timate th DL roughpu r apacity (C [ it/s])
f L sy t ms in r is ic sc n rios ha ons r t e degrad t on th t
di↵ re ver d c isms pro e.
I tu iv ly, r t oughput i cr as s wi h u b of sef l RE du
i g g tim int v l of in r st. This im inte val  t can be ither 1
T I or 1 fra , d pe di g n t e pr le at an (n mber of us rs, file
ize o b d n oad by ny u er, e c.). I this pape we will la el he t l
number sefu RE ( h is, t se f r user d t ) d ri g time i ter l  t
by si g t t ti :
 OFrameRE, ( ) = O
Frame
RE, T
AF ameRE, T
⇥ 100
U RE, = A tRE,  O tRE, T, (1)
r A tRE, T nd O tRE, T repr nt, re c iv ly, t total r f avail-
abl ( ll) d rh ad REs with n th time i t rval t. Superscript  t
s n t p fluo s si ce i will assist us i mod ling variety of situation
ith a unified fo alis . As l b m d led i thi pap r, som verhead
co n n s app r nly c per fr e while oth s a e epea ed very TI.
T proc e fur her with LT c pacity stim ti n it is conv nie t to con-
sider at t ll he bits us o tr s ort user data bu al o to d ect
ror (for i st nce, Cyclic R du dancy Check (CRC) bi s). e us d
5
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For OFDMA- d n w rk, such as L E, the available odels can be
se in two major c tegories. T power- o rol b sed models udy t e
o bin tion f e sys m c figu a n and t servi e area s function of
SINR t butio [14]. Th rate-c n ol b sed mod ls focus n he c b
na io f h syst co figuration d t e a -r te prov si n s a function
f e load dis ibutio [15]. The p f rmance m l is then he optim z d
so ution r vide e ma ded at -rate i the rg t r , below t e bes
c i s s m co fi r i .
Co sid ri g h requi t f the t ( d) b s od l t ave an
c r e sure for c cel ’s cap ity, in is o k present a math mat-
i et l to al lat d a-r te rovi ion f r lti-user cena ios
f ll i fl xibl y t c nfigu ti p r m er .
.
i n , the pu p s f th s ork is o pr p se m d l gy n
lgorit s t accur t l sti te the DL h ughpu r c pa it (C [bit/s])
f L E y s li t c sce a i s th t c nsi rs the d grad tion th t the
di↵ e ov h d ch i pro ce.
I t ti ly, us r t r gh ut n r se it th umber of u ful RE d
i g a g v n ti t v l i rest. This ti nte v l ca be ith 1
TTI 1 f m , d p ndi g h p obl at a ( ber of user , file
siz o b d w load by a y u e , c.). In t i ill lab l th t tal
umber f u ful REs ( is, ose f u r ta ti e interval  t
by g t e tati n:
 OT IRE, (%) = O
Fr m
RE, T
F me
RE, T
⇥ 10
U tRE, T = A tRE, T tRE, T, (1)
r A tRE, T and O tRE, pr s t re pe vely, the tot l number of avai -
able (all) a d ver ad R s wit in the ti i terv l  t. Superscrip  
is superfl o s i c it wil ist us i od ling a v ri ty f si u tion
wit unified fo li m. As will be mo led in this pape , s me overh ad
comp ts pp r only c p r fr m while h are repeat d every TTI.
T p oc ed furt r with LTE c p ity timation it is c venient o con-
sider t not ll the bi a u e to tra s ort user data b t also to detect
ro s (f r i sta ce, Cyclic Redunda cy C ck (CRC) bi s). The user data
5
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Fo OFDMA-b s d ne w rk, suc s LTE, the vail le odels can be
en n wo major ca go ies. Th ower-control based mode s study h
co bi atio of th system onfig r i n a d the s rvi rea as a f nction f
SINR dist ibution [14]. h rat -control based odel cus n the combi-
tion of th syst m onfigurat n a d t e ta-rat p vision as a fu c i
of th l ad distributi [15]. Th performanc de is t e he opti ized
s uti o id t e dem nded data-r i th targ t ar a, b low the best
matching sy e co fig ratio .
C nsi ri g h requi nt of t rate (load) b ed del t have an
ccu ate sur f r ch c ll’s c pa ity, in t i w rk w rese a mat e at-
ical m h dology to c lc l the d ta-rat p ovisi f r multi-use scenar s
f r ach ll wi fl xi sys m co fig ra i param ters.
3. P o l m Sta nt
As ion d, the purpose of this w rk to op se methodology a
lg ithms to ac ur ly tim t the DL throug pu or c p city (C [ it/s])
of LTE sys ms i alistic scen r os t at considers the degradation t at the
di↵eren ver ead m hanism produce.
In uitiv ly, user throughput increas s ith h nu ber of useful RE dur-
ing a given ti e nt rval f i terest. This t me interval   c n eit er 1
TTI r 1 fr me d pe g n the proble t h nd ( r f sers, file
siz b downl by a y user, etc.). In is paper we ill lab l the total
u b r f s ful REs (th t i hose f r user dat ) uri g a i i t r al  t
by us g the nota i :
Ba width, BW (MHz)
 OTTIRE, T(%) = O
Fr me
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher  tRE, and
t
E, r present, r spectively, the total number of avail-
ble ( ll) nd verhe REs w in the time nt rval  t. S erscript  t
is not sup rfluous since it w ll assis s in modeli g a v riet f si ation
with an u ifi d fo alism. As will b model d in this paper, so e overhead
c mp nents appear only once per frame while oth s re repeated every TTI.
T proceed further with LTE capac ty es i ation it is convenien to co
sider that not ll the bits re sed t tran port us data but also to detect
5
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ForOFDMA-baednetwork,sucaLTE,thvailablemodelscabe
seenntwmjorcatgris.Thepower-cotrolbasedmodelsstudythe
combinationoftesystmconfigurationandthesvicareasafuncionf
SINRdistribution[14].Terte-ontroldmodelsfocusonthecobi-
nationofthesystmconfiuraioadhet-raeprvisionasafunction
oftheloaddstribuion[15].Thperformancemodlisthnthoptized
solutinoprvidehdmandddaa-ratieargera,blowthebst
athingsystemcofiguration.
Consideitrequirmenfherat(loadbasedmodeltohavean
accratemeasurfreaccell’capacity,inthisworkwepresetamathemat-
icalmthodologytoclculatthedata-ratprovisionformulti-userscnarios
foreacllwihflxiblesystconfigurinparetrs.
3.ProblemStatent
smntined,thepurposeofthisworkistoproposeaehodologyad
alorihmsoaccurtelyesiatethDLhoughputorcacity(C[bi/s])
fLEsystemsinrealitccnariosttcosidrsthedegradationthatthe
di↵eetoveheadmechismsprode.
Intuitively,userthoughptncraswiththnumerofsefulREdur-
ingagiventieintervalintrst.Thistimeinerval tcabeeither1
TTIor1frae,depndingoheproblmatad(numberofusers,fil
sizetobedownlabyaysr,ec.).Inthisaprwewilllabelttotal
uofusefulREs(has,hsforuserata)duringatimentrval t
byusingthenottion:
vrheadprceage
wthrepcttotvailalREs
,BW(MHz)
O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
E,T
aO
 t
R,T
reprset,rspectively,thetotanumbofvail-
bl(ll)andorhedREwithithieintrval t.Sperscipt t
snosupfluussinceitwillasisuindelgavriyofsituation
wihnifidfomalis.Aswillbemdeledihispper,someoverhad
compnntsappeaolyncprfaewhilethrsrerepatedevryTTI.
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orOFDMA-basedntwork,suchaLTE,thavailableodlscane
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icalmehodolgycalculatethdaa-tproviionfrmulti-userscenrios
foreachellwithflexiblesystmconfigurtionprmeters.
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i↵erenoverheadmeaismsprouce.
Intuitively,userthrughpiceaseswtthenumbeofusefulREdur-
gagivntimeintervalofiterest.Thistieintervl tcanbeither1
TIor1fae,dependingontheproblmahad(umberfusers,file
izetobedownloadbynyusr,tc..Inhispaperwewilllabelthetotl
mberofusefulREs(thtis,thosforuserdata)duringatimeinterval t
byusingthenotation:
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Figure 5: Ov rh ad rcenta e (%), with respect o A tRE, T, a f nctio of BW. Sq r d
symbols represents  OF ameRE, T(%)   TTIRE, T(%).
 OTTIRE, (%) = O
Frame
RE, T
AF ameRE, T
⇥ 100
6.2. S ns tivi y of ove h ad on DCI l gth LDCI
As a fu ction of BW...
6.3. Influence of Ng “PHI H Group Scaling Factor”
As fu tion of BW...
6.4. Sce ario 1: singl us r. LTE Maximum DL Da a- at
When the system s configu ed wit its highes par m t rs nd ll the
avail ble resourc s are assig ed to a single UE which is in the best r ception
condi i s, he ighest data-rate provision ca be expected. An accurate
overh a calculations tha is customized wit t system configuration, pro-
v de u with the exact mount of useful reso ce that can be assigned for
d ta-transmission.
Con de i g the aximu servic provi ion capabilitie of LTE, for ax
data-rate calculation, the following system configuration shall be applied:
• The highes BW f 20 MHz (NRB = 100 d P = 4)
26
6.1. Influe ce on each c mpon nt as a function of BW
For 1.4 is 31%. RS is 91%...
For 20 MHz is 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 1 # 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the dem nded dat -rate in the target area, belo the best
matching system configuration.
Conside ing he equirement of the rate (load) bas d model t have n
accurate measur for each cell’s ca city, in this work we present a mathemat-
ical methodology to calcula e the data-rate provision for ulti-user cenarios
for each cell with flexible syst m configurati n parameters.
3. Probl m Statement
As men ioned, the purpo e of this work is o pr pose methodology and
algori h s to accurat ly estimate the DL throughpu r capacity (C [bit/s])
f LTE systems in reali tic scenar at considers the egr dation that the
di↵ rent overhea m c anisms produc .
Int itively, user throughput increases wi h th number of useful RE dur-
i g a g ve time interval of int rest. his time in er l  t can be either 1
TTI or 1 fra e, depending on h robl m t hand (numbe of s rs, file
siz be dow load by any us r, etc.). I this paper we will label e tot l
nu ber of usef l REs (t is, thos for us r data) during time interval  t
by using t ta i :
 OFrameRE, T(%) = O
Frame
RE,
AFr meRE, T
⇥ 100
U tRE, T A tRE, T  O tRE, T, (1
w e A tRE, T and O RE, T re r se , e pect vely, h tot l b r of vail-
ble (al ) an overhe d REs w t in e tim int val  t. Supe sc ipt  t
i sup flu us sinc i ill assist us in mod li g a va ie y f itu tion
w th an unified form l s . As wil be model d i this p p r, e verh d
c mp ne s pp nly c per fr m hil ot ers a e repea e ve y TTI.
T p c d fu ther w L E ca acity e ti a io it i c v ie to n-
si e ha t ll h bi d t tra p r user data bu lso o ct
r (for s nc , Cyc ic Redundancy C ck ( RC) bi s . The user da a
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For OFDMA-based network, such as LTE, the available models c n be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a fu cti of
SINR istribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the lo d distribution [15]. The p rformance model is then the optimized
solution to pr vide the d manded data-rate in the t rget area, below the b st
matching syst m configuration.
Considering the require nt of th rate (loa ) based m d l to have an
accurate easure for each cell’s c pacity, i this w rk we pr sent a mathemat-
i al meth dology t calculate th ata-r te p vision for ulti-user scenarios
for eac cell with flexible system configuration param ters.
3. Problem Sta e ent
As n ion , the purp s of this work is to prop se a methodology and
algorithms o accur tely estimate the DL throughput or capacity (C [ i /s])
f LTE ystems in alistic sc arios that considers e degradation at th
di↵ere t ov h ad mechanisms roduc .
Intuitiv ly, ser throug put in re ses wit the n ber of useful RE dur-
i g giv n tim in rval of i terest. hi ti int rval  t c be ither 1
TTI r 1 f ame, d p nding n the p bl m at and (n be of us rs, fil
siz o b ow l by ny r, tc.). In this p p r we will b l t e total
num e of useful REs (that i , tho f r user t ) d ing i int rval  t
by us ng th notatio :
 OTTIRE, (%) = O
Fra e
RE, T
AFrameE, T
⇥ 100
U RE, T = A tE, T  O tRE, T, (1
w re A tRE, T an O t , T r t, re p c v ly, th o al n b r f av l-
abl (all) a d verhead REs thin t i te va  t. Superscript  t
i o up rflu us i ce it will a sist us in modeli g a ariety of tuatio
wi h an unifi d formali . As will b m dele n his p p r, s me v rhead
c mpo e ts pp nly onc p r f m while th r re r eated ev ry TTI.
To pro f th r ith L E c ac y s i i n it s c nve ie to c n-
si r t a all th bit are us to n t u er dat u lso t de c
error (f r s c , Cyclic dund cy C ck (CRC) bits). The user d a
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For OFDMA-based network, such as LTE, the avail ble models can be
seen in two major catego ies. The ower-co t ol based mod ls study h
combination f he system confi uration a d the service rea as a function f
SINR distribution [14]. The rate-co tr l based mode s focus on the combi-
ation of the system configuration and the data-rate pr vision as a function
of the l ad distributi n [15]. The performanc model is the the optimized
solution to provid the demanded dat -rate in th targe area, below the best
matching system configuration.
Consideri g th r quiremen of the rat (load) based mo el to ave an
accurate meas re for ach cell’s capacity in this work we prese t a m hemat-
ica methodol gy to cal late he data-rate provision for ulti-u r sc arios
for ach c ll with flexible sy tem configurati n rameters.
3. Proble t temen
As enti ned, the ur ose f his w rk is to propose a me hodology and
alg rithms to accu at ly estimate the DL thr ughput r capacity (C [ it/s])
of LTE systems in realistic sc narios that c siders th deg ad tion that th
↵eren ov h d mec anism p duc .
Intuitively, user hr ughput increas with th umber of useful RE ur-
i g a give ti e i rval f i er st. T i tim i terval   can b th r 1
TTI 1 fr me, d pen ing o the pro le a han (number of users, file
siz t be o nlo by a y s , etc.). In is p er we will l b l th t tal
n ber of useful RE (that is, hose fo us r dat ) duri a ime interval  t
by us ng th no i n:
B width, BW (MHz)
 O TIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, (1)
wh re A tRE, T nd O RE, T r p sent, espec ively, the total nu b r of avail-
abl (all) nd ov head REs w thi t time in rval  t. Su r cr t  t
is no su erflu u since it will a i us in odeli g a var ty of situati
wi h ified f rm lism. As will be m d l d in this paper, so e overh a
po e ts app r only ce er ra e hile o er are repe t d very TTI.
To c d furth r with LTE ca ci y es im tio it is c ni nt to con-
si r tha not ll he bits are used o ransport use da b t al o o etec
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For OFDMA-based n twork, such as LTE, the available models can be
seen in two major categories. The pow r- ontrol based model study the
combination of the system configuration and the service area as a function of
SINR distributio [14]. The ra -c n rol bas models focus on th com i-
a f th sy em configuration nd the data-rate provision as function
of e l d istribut on [15]. The erf rmance model is then the o timized
s lu i n to provide e dema ded da -rate in the rg t ar a, b low the be t
m tching syste configur i .
Consideri g he req i em nt of the r te (load) b sed od l to have an
a curat m sure for ach c ll’s capaci y, in this work w pr se t m h at-
ic thodol gy t lculat e dat -rat provis n f r ul i- er scenarios
f r ach c ll with flexibl syst m configu tio par m ters.
3. P obl S a t
As ti d, the purp se f this o k is to pro se meth ol gy
lg rith to cura l s t th DL t oug c pa i y (C [ /s])
of LTE s i e listic scena io that con id rs the de rada ion th t the
i↵ r nt ov r e d mech ism pr u e.
u tiv ly, u u hp t i r as s ith th umber of u ful RE dur-
i g a giv n t m i erval of int st. T is ime inte val   c n be i her 1
TTI r 1 fra e, d ding n r blem a n ( r of user , fil
size dow lo d by any user, c.). I t is p p r w will l bel the total
be of ef l RE ( t s, t o f us r ) uri g time int rval  t
by g he t i :
 OFrameE, T(%) = O
Fr e
RE, T
Fram
RE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
e  tRE, T a O RE, T r pr s nt, res ctiv y, t e l numb of av il-
le (all) v rhe d E withi t e im inte v l . Su e s ipt  t
is not sup rfl ous sin i will a si t us in od ling a vari y f si uatio
with n u ified f r a s . As will be m deled i this pap r, some overhead
o pon s ap ly ce f while others a r p te every TTI.
o p c d furt r wi h L E c pacity est matio it is co v ient to con-
sider tha no ll e bits are s d to nspo t user data but als to detec
r rs for in t ce, Cyclic R dun cy Ch ck (C C) bits). The user data
5
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F r OFDMA-bas n work, such as LTE, h v il le odels can be
seen in wo major categories. The ow r- ontrol based od l s udy he
ombin i n of the sys m nfiguration and the se v ce ar s a function of
SINR dis ribution [14]. Th r te-c ntrol ased mo els focu on the com i-
nat n of th system co figurat on an the data-rate provision as fu ction
o the load d stribu io [15]. The rf rman e model is then h timize
solution to provide the de d d da a- te in the rge a a, b low the b st
ma ching system configu a i n.
Consi eri g th req i e t f the e (lo ) bas d d l o h ve an
a cur t me u e for each c ll’s c aci y, in his wo k we es a mathema -
ic l t od l gy to calcul t th dat -rat rovisi n for l i- ser sce rios
f r e h cell with flexible syste config rati par eter .
. P obl m S a
As menti , the p p f t is work is t pr pos m t d l gy d
lg r th s t ccur ly s imat t e DL throughpu capa i y (C [ it/s])
f LTE s in re list c scenarios h n i r h d grad tio at the
di↵ r t v r ch nism produce.
I tuitively, e t r u h t i r as s ith t nu b r of u f l RE dur-
i g g v i v l f i e . his im i t v  t can b i her 1
TI or 1 fra , pending proble at h d ( mbe of users, fil
iz l d by y u r, c.). In t is paper e ill lab l t e tot
nu ber f us l REs ( h i , th f r r d t ) duri g a t me int rv t
by u i ation:
 OT IR , T( ) O
F a
RE, T
AFrameE, T
⇥ 100
U tR , = A tRE, T  O tRE, T, (1)
w e e  tRE, T and O tRE, T e sen , es e ively, e otal number f v l-
ble (all) nd v rhe d RE wi in ti interv l t. Superscript  t
i n t up rfl inc will us i de ing a v rie y f i u tion
with u ifie f r alis . A ill e o i t is pa er, some ov e d
o po en s pp r ly o c er frame hil ot rs repea ed every TTI.
pr cee furt e it LTE ca ac ty es i a ion it is conv e t t con-
id h t all bi s re u d to transpo t u e data bu lso to etect
e rors (f r ins n e, Cy lic R d n ancy C eck (CRC) b ts). The us d t
5
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For OFDMA-based n work, s ch as LTE, he avai able m dels n be
n i two maj r c t gor s. T e p w r- ont ol b sed m d ls tu y h
combina i n f th syst c nfigur on nd t servi ar a as a fu ction of
SINR distri ution [14]. e ra e-con rol bas d dels focus on the combi-
nati n of h system configu a ion and the data-ra p vision as a fu ctio
of e l a istr buti [15]. T e perf r nc m del i the he optimized
s lution to provide the d ma ded ata-rat in the t rget ar , b low h es
m ching syst co figurat o .
C sid i g the quir m f th ra e (load) b sed odel to v an
urat measur f r e ch cell’s c pa ity, in th s wo k we pres nt ma e a -
i a m thod logy o lculate t d ta-r e provisio for ulti-us r s n r s
for ch cell wit flexi le s s em co figu ati n ar me r .
3. Pr l S tem t
As e tio ed t e urpose ork is t opose a e hod l gy an
alg rith t ac r t ly stim t h DL oughp t or apacity (C [ it/s])
f LTE sys e in e l tic sc rios tha consi er th d gr dation that t
di↵ n o hea ha is pr d ce.
In itiv ly, u thro g pu incr s s with e be of usef l -
ing a gi e i t rv l of in re . T i tim n rv   be ei
TI r 1 fr , d n g the p obl t h d (n mber of use s, file
ize to e download by ny us r, c.). In this p per ill label e total
umb of usef l REs (tha is, tho for u e d a) d ring a tim in e l  
by us ng the notatio :
B ndwidth, BW (MHz)
  TTIRE, T(%) =
OFr meE, T
AFrameRE, T
⇥ 10
U tRE, T = A tRE, T  O RE, T, ( )
whe A tRE, T n O tRE, T r p es nt, r spe tively, t tal n mb r of l
b ( l) nd v he d REs with th time in erval   . Superscript t
is no s p rflu s s c it w ll ssist us in modeling a varie y of situatio
with an nified for alism. As will b del d in this pap r, om over a
c mponents ap ear nly onc er fram w ile ot r re repe ted e er TTI.
T proc ed furth wi h LTE cap city esti io t is con eni n to con-
id r that ot all the bit a us d to ransport us r d t bu also to d tect
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FoOFDMA-bsednework,schasLTE,theavailablmodlscanbe
seenintwoajorcategors.Thepower-cntlbasedmodelssudythe
cominaionfthsysteconfigurationandtheserviceareaasfunctionf
SINRdistribution[14].Terate-controlbasedmodelsfocusonecombi-
ntinofthesystecnfiguraionda-raeroviionasafuction
ofthloadistributin[15].Theperforancodlisthentheoptimized
soluiontopidhedemandeddaa-rateinhetagetar,belwthebest
atchingsystemcofiguraion.
niderigthrequirementfthrae(lo)baseddelthavan
accurtemeasurefreachcell’capaciy,ihisworkwepresentamathemat-
icalmethologyocallateta-repviiofrmulti-scenarios
foraccllwithflexilsysemcfigurationparameters.
3.PrblemStn
smetiod,thepurpsfthiswrkitopropoamtodlogynd
loithmstaccuratelyestimtteDLthrogputorcapciy(C[bit/s])
ofLTEsystmsealiticcnariosthatconsidersthedegrdationthatthe
d↵rentoverhdecanimsprdc.
Ituitively,usethrougpuincaseswithtenumberofusefulREdur-
inggivimntrvalofitst.Tistiminterval tcanbeeither1
TTIor1frame,depndigotheprblmathad(nuberofues,file
sztobedowlodbyayusr,etc.).Inthispaperwewillbltetal
nbrofusefulREs(has,theforuseat)uringatimitrval t
bysingthntation:
Ovradprcenge
withrspetthevailablREs
,BW(MHz)
 O
TTI
R,
(%)=
O
Fra
RE,T
A
Fame
RE,T
⇥00
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
erA
 t
RE,T
adO
 t
RE,T
rerese,resctivly,hetotalumberofavail-
abl(ll)adohdREwithinthetimeitrval t.Superscrip t
sosuperfluusinceillassisuinmodelgavrietfsituaton
whuifidformalis.Aillbemodeledintispaper,someoverhad
compnntsppeolyoncpeframewhileothersaerepeatedeveryTTI.
5
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ForOFDMA-basedetwrk,suchasLTE,theavailablemdelscanbe
seintwomjrcategoris.Theower-ontrlbasemdelsstudythe
combinatiooftesystemconfigurationandthservcareaasafunctionof
SINdistribtion[14].Therate-cntrolbasedmdelsfocusonthecombi-
tionofthesystemconfigurationandthdata-rateprovisionasafunction
oftheloddistribution[15].Thperformancmodelisthentheoptimizd
solutiotoprovidethedemndeddata-rateinthetargetarea,belowthebes
mtchingsysteconfigraio.
Considerngterequireentofherate(loa)basedmodeltohavan
accratemeasureforeaccell’scapacity,ithisworkwerentamathemt-
icalmethdologytocalculatethedata-rateprovisinformuli-uerscrios
forachcellwithflxblsystemcnfigurationparaeers.
3.PblemSatment
Asmtiond,thepurpoofthiswrkisppsmehologynd
lgrithstoaccrtelyestimaehDLroghpuorcapacity(C[bit/s])
fLTEystemsiralisticscenristhatconsidethedgradationthathe
di↵eretoverhedmechanisodue.
Inuitvly,usrthrughputiceaseswihthenumbeofusfulREdr-
ingagivntimeintervlofintrest.Thistimiterval tcanbeither1
TTIor1frame,dpendingonthepoblemhan(numberofusers,file
sizetobdwladbyayuser,ec.).Inhisapwewilllabelthetotal
numberfusefulREs(thatis,thoseforuserdaa)duringaimintervl t
byuigthenotatin:
Oveheadprentag
(withrspecttotheavailableRE)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheeA
 t
RE,T
dO
 t
RE,T
reeset,rspecively,thettlnumberofavail-
al(all)adovrheadREswithinthietval .Suescript t
isnotsuperfluussicitllassisusinelgavarietyfsituatio
withaunifiedforlism.Aswillbemodeldinthispaper,somoverhad
cmnentsapparonlyoncpefraewhileothersrerepeatedeveryTTI.
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Figu 5: O rhe d p rc tag ), with resp c to A tR , , a a fu tion of BW. Squ r d
symb l r prese ts  OFrameRE, T(%)  OTTIRE, T( ).
 OT IRE, T(%) = O
Fr me
RE, T
AFr mRE, T
⇥ 100
6.2. S nsi ivity of verhe d n DCI le gt LDCI
As function f BW...
6.3. Infl nc of Ng “PHICH Gr up Sc l g F cto ”
As funct o of BW...
6.4. Sc nario 1: i gle ser. L Maximum DL D ta-rate
W n h sys em is c fig d with it h g e a am t rs and all h
av labl s u es a e a signe to si gl UE w ic is in b s r c p ion
nditi ns he h ghe t ata- te provisio c b exp c d. An accu a e
overh ad calcul tions t at is customiz d wi h t e system configu a ion, pro-
vide us with e xact mount of eful resourc s that ca be ssig ed for
data-transmissio .
C ns d ing the m ximum ervice provision apabi i ies of LTE, f r m x
da a-r te ca cul ti n, th followi g system configuration hall be applied:
• The highest BW of 20 MHz (NRB = 100 an P = 4)
26
6 1. Infl c n e c co p a fu c i of BW
F r .4 s 31%. RS is 91%...
For 20 MHz is 16%. RS i 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siom na
For OFDMA-based netwo k, such as LTE, the vailabl mo ls c n be
seen in w ajor cat gories. The ower-c trol b se mo els study the
c bination of th yst configuration d the servic area as a function of
SINR istribu ion [14]. The rate ntrol bas d models fo us on the combi-
n tio o he sys c nfig ration nd the a a- t rovisi as a fu ctio
of t l d distrib t o [15]. T p rf r a ce model is th n the optimized
lution to provid the emanded d ta-rate in the targ t are , bel w the best
a ching sys m onfiguratio .
Co id i g t q irem of he r ( o d) based mod l have an
accu su e fo ach ll’s cap city, th wo k w prese a h t-
ic l methodology to lcul te e d ta-r provi i f r multi-user c narios
for e ch l with flexibl syst m c nfigu at n para ete s.
3. P bl Stat m t
As ti ed, the purpose of thi wo k is to p opos a methodology and
l rith s o accura ely es ima the DL th oughpu or cap ity (C [ i /s])
of LTE ys in a istic scen ri t t con id s t de rad ti tha the
i↵ ent v rh d e h nisms p uc
In ui iv ly, e hroug p t i c ases wi h t umber f us ful RE dur-
g g v n tim int va f in r t. This ti i terval   ca b it e 1
TTI r 1 fr m , d p di g on he r b em t h (nu ber of users, file
s z o w l d by a y us r, .). In this pap r we ill lab l t e t t l
u r of us ful E ( at is, h se f r us r data) d ri g i l t
by usi t ti :
 OFrameRE, T(%) = O
Fra
RE, T
AF ameRE, T
⇥ 100
U RE, = A tRE, T  O RE, T, (1)
w A tRE, T a O tRE, T rep , r s ec iv ly, h t al n mb of vail-
l ( ll) ov he d Es w t in t tim int rv l  t. Sup rscrip  
is ot perfl us n it will ss t us in mo i g vari y f situatio
wit a nifi f r li . As wil b m d l d in is ap , s e overh d
c p ne t ppe r o ly on per f me w ile o rs ar rep ated ev ry TTI.
To proc f rt er wit L E cap city es i t on i i con e i nt to con-
sid r hat n ll th bits ar us d o t s or er data but ls to detec
r rs (f i st ce Cyclic R dun ancy Check (C C) bits). The user data
5
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For OFDMA-based network, uch as LTE, the available models can be
s n i t o major categories. The power-contr l bas d mo ls study t e
c mbina i n of t e syste confi uration and the service area as a function of
SIN di tribution [14]. The r -control based mode s focus on the combi-
na ion f t e sy te o figura ion nd he ata- at provision a fu c ion
f load distributio [15]. The p rfo m n model is then the pti iz
solut o t pr vide he e a ed data-rat in the rg t area below the b st
ma h g yst c nfig r tio .
Cons d ring the r quir m t f he ra (l d) based m del t ave a
ccu te sure f r ach c ll’s cap c y, i thi work we p s nt a mat ema -
ic l et odol gy t c lc t the data-ra e rovisi f r ul i us r cena os
for ch l w h fl xibl syste c nfigur ion par m t rs.
3. Pr l Statem n
A nti n d, h purp se f this w rk s p op s a th d ogy nd
lg t m cc tely st a e h DL t r ughp t or capacity (C [bit/s])
of LTE yst i ealis i sc n rio h t c si ers th d grad io that the
i↵ r ov rhead c ni produ e.
I t i vely, u h oug put i crea s wi t e nu ber of us ful RE dur-
g giv me i t v l of i e . is ti i t rval  t ca be i er 1
I or 1 f e, d pe di g th pro le t hand (nu b r of ser , file
siz to b l b y s r, c.). In this pa r we il label th t t l
u ber f us f l RE (t is, f r user ta) d i a t in val  t
y u i g n tation:
 O IRE, ( ) = O
Fr me
R , T
AF , T
⇥ 100
U tRE, T = A R , T  O tRE, T, (1)
wh re A tRE, a d  tRE, T represent, r sp ctiv ly, th total nu ber of vail-
bl ( ll) a d ov he s wit in he m nterval  t. Sup sc pt  t
i supe fluou since it wil s st s m d li g variety f si u tion
wit an unifi d m l s . As will b m deled in this paper, some overhead
comp ts a p r o ly nc p f m wh l o e s are rep ted very T I.
roc d f rth wit L E cap c y es i ati n it is co veni t to con-
si r hat all th bit a u d to tr sp us r da t ls to det ct
rro s (f r instan e, Cyclic Re un ancy Ch ck (CRC) bits). us d t
5
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F r OFDMA- ased n twork, such as LTE, he vailabl m d ls can be
s in two major c tegories. The owe -c t ol b sed mod l tu y he
o bi atio of the yste configu a ion a d t e servic a a a function of
INR dis ribution [14]. The rate-co tr l b sed mod s f cus n the combi-
nation f h sy tem co figuratio n t e d a-rate visi n as a functio
f the l a strib t [15]. The performance m d l th n th pt mized
ol io t r vi t dema d d ata-rat n the target are , bel w b t
matc ing system c nfigur ion.
Consi i g th req ir of ra ( oad) bas d odel to h ve an
c u at mea ur o c c ll’s ca city, in this wo k we pr s n a th a -
ical e ho ology o c lculat th at -ra pro ision for ulti- enar os
o ach c ll w t fl xibl ys em c figur i para ers.
3. Pr l m State t
s men i ed, th rp s this w rk o pr a tho ol gy
algorith s ccur t l e ti a e h DL hro hput or c pacity (C [ it/s])
f LTE sys em i e li tic ce ar o that onsider th d gr dation t at the
di↵er n v a ec is s p od e.
I tui iv ly, u throug pu incr se with t umb r of useful RE du -
ing gi e i t rv l f nt r . This im rv  t c n be ei he 1
TI 1 fr , pe ding on t proble a ha d ( umber of use , file
iz to be d w lo d by any us r, tc.). I is per w will l b total
umb of u ful REs (th t i , th o u t ) d ing a time int r al  t
y u ng e t tio :
B ndwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O R , T, (1)
w e A tRE, T O tRE, T r p es nt, respe tively, t e to al um r of av il-
abl (all) d e he d REs t in he time int rval  t. Superscript  t
is no s p rfluous sinc it ill ss st s in odeling a variety of situ ti n
i h a u ifi d rm l m. As will b odeled i this pap , som ov head
co po ts app ar nly nc per fra e w le o h r are repea ed ev ry TTI.
T r c ed fu the w th LTE capac t es im io is con enient to co -
si e that n t ll t bi r used to transport user data but also to detect
5
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Figur 5: Ov rh ad perce tag (%), ith s t to  tRE, T, as a fun ti n f BW. Squ r d
sym ls repr s ts  OFr meRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Fr me
RE, T
Fram
RE, T
⇥ 100
6. . S sitivity f verhead o DCI lengt LDCI
A a fu ction f BW...
6.3. Influe c of Ng “PHICH Group Scaling Fact r”
A func i of BW...
6.4. S nari 1: single u r. LTE Maximu DL D ta-rate
W n he system s configured ith ts hig e t p ra eters a al th
av il bl r urces a assign d to si gle UE which s n the be t reception
c n iti ns, e highest t -rate prov i ca be exp ct d. An accurate
over ead calc l i s t is custom zed wi h e s stem configur ion, pro-
vide us w th the ex ct amo nt of eful r so rces tha an b ssig ed for
data- ransmissio .
C nsidering the maximum s rvice p ovision capabilities of LT , for m x
a a-ra c l ula i n, he foll wing syste configurati n hall be applied:
• The highest BW f 20 MHz (NRB = 100 and P = 4)
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the co bi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solu ion to provide the demanded data-rate in the arget r a, bel the best
matchi g system configuration.
Considering the requir ent of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathem t-
ical m th dology to calculate he data-rate pr vision for multi-user scenarios
for each cell with flexible system configuration parameter .
3. Proble Stateme
As m t oned, the purp s of this ork is o prop se a methodol gy and
lgorith to accura l estimat t e DL throughput or capacity (C [bit/s])
of LTE syste s reali tic sc narios that sid rs th eg dati n at th
di↵er ov rhe mech sms produce.
In uitively, user throughput inc eases with t nu r of useful RE dur-
i g a gi e im inter al of interest. This tim interva  t ca be it e 1
TI r 1 fr , depending on the probl m a ha d ( u ber of us rs, fil
siz to be o nload by use , etc.). In t is p per we will l bel the tot l
um e of seful REs (tha is hose fo user data) du ing time interval  t
by usi g th notation:
 OFr meRE, T(%) = O
F me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T    tR , , (1)
w A tRE, T a d  tRE, T r p se t, respec ively, th total n mber of avail-
ble ( ll) and v rh REs w thi t ime int rv l   . S p rscri  
is not s p rfluous si ce it will as i t s in d li g a va i y f si u n
wi a u ified f r lism. As wil be m eled in this p p r, som v r ad
c p nents app ar only onc fram whil others are re d very TTI.
T r ce f ther wi LTE ap city estimati it s c nv ni nt to con-
id r tha all the bit ar used to s ort user ata but a s detect
r ors (fo nst nc , Cy li R dund cy Che k (CRC) b s). The us r d t
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SINR distribution [14]. The rate-control based models focus on the combi-
na ion of the system configuration and the data-rate provision as a function
of the loa distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
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Frame
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⇥ 100
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T c d fur r with LTE c p i y stimati is c nve ie t to con-
ider that o ll b are us d n port us d t but al t de ect
r s (for ns a c Cycl c R unda cy C ck (CRC) bit ). T e u er da
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For OFDMA-based network, such as LTE, the available models can be
seen n two ajor categories. The ower-control based mod ls study the
combina ion f th syste configuration and the service a ea as a func ion of
SINR distribution [14]. The rate-c n rol b sed models focus on the combi-
nation of the syste co fig tion nd the data-rat pr vision as a f ncti n
of the load distribution [15]. T performa ce model is then the ptimized
solution to provide th d anded d t -rat in he tar et area, bel w the best
ma ching system c nfigura ion.
C nside i g the requireme t of the rat (load) bas d model to have an
ac urate e sure or e h cell’s cap city, in this wor e present a ma hem -
ca m thodology to calculate the da a-rat provision for multi-user scena os
or each cell w th flexible system configur ti parame ers.
3. Proble Stateme
A en ion d, the pu pose of this work is t opose a methodolog a d
lg ri hms to ac urate y estima e he DL th oug put or cap city (C [ it/ ])
f LTE systems i r listic sc ario t a c n ide s th d g datio t t the
di↵ere t v rhead ech nis s pr du e.
Intui ively, use roughpu incr ases with t e n m er of u ful RE r-
ing a given t e i e val f i t r st. T is time i t rval   c n b ther 1
TTI or 1 fra , depend ng n th pr blem a a d ( umber of user , file
siz o b downl ad b any use , tc.). I t is pa e we will l bel th tot l
n mber f s f l REs (t t is, those for u er da ) during a i e i terv l  t
by us ng t e ti :
Ban widt , BW (MHz)
 OTTIRE, (%) = O
Fra
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, ( )
wh e A tRE, T a O tRE, T repres n , res c iv l , t e to l um er of avail-
abl (all) nd o e head REs ithin the ti e interval . Supe script
is no s perfl ous si e it will a i s i ode n a variety f si u t
i h n ified f lis . As w l be mo el d i i p per, some ov rhead
component p ar only once p f while h r are r pea ed every TTI.
proc d furt er w th LTE capacity st m ti is conv ie t t c n-
sider th t n all the bits are used t tra s rt u e data bu lso o det t
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ForOFDMA-basedework,suchsLTE,theavailablemodelscne
senntwomjorcatgores.Towr-contrlbsedmodeludyte
obintnofsysmcofigrationdteservicreaasafunctionof
SINRdistribution[14].rt-contolbasedmodlsfocusontecmbi-
atinoftheysemnfiguraionanthedta-rateprovisioasafunctin
fthlddstributin[15].Teperformancmodlisthenthoptimized
ltiotopovidtdemaneddt-rateithetargetarea,belwthebest
atchingsstmconfiguratio.
Considerigthrequiementoftherate(oad)asedmdeltoavean
accuramasrforchcll’scpaciy,inthisworkwepsetathemat-
icehodlogyoalclaethedata-rateprvisionformlti-uerscenrios
forachcellwiflexiblsytconfiguratinpares.
3.PrblemSttement
Asmentiond,thpurposeofhisorkistproposemethodologyad
lgorithmsoaccuratlyesimateheDLthroughputorcapcity(C[bit/])
ofLTEsystmirlisticscenriosthatconsidrsthdgradationthtt
i↵eretveradmechanissodce.
Ituivly,usrtroughutincraseswiththumberofusefulREdur-
ingagiventimintervalofinteres.Thisimintrvl tcnbeeither1
TTIor1frame,dependingontheproblemathand(numberofsers,file
sizetobedownlodbyayser,etc.).Inthispaperwewilllabelthetoal
umberofusefulREs(thatis,thsforusedat)duringatimeinerval t
byusngthntaion:
Overhdpercentg
withespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fram
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
ndO
 t
RE,T
rpresen,respectivly,thetotalnumberofvail-
ble(ll)adoerhadREswithinthetieinterval t.Superscript t
isnotsuperfluousineitwillassistuinmodelngavarietyofituation
withannifiedformalism.Aswillbeodeledithispaper,someverhead
componntsapperolynceperframwhileothersarerpeatedeveryTTI.
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ForOFDMA-basdnetwork,suchasLTE,theavilablodelscabe
seenintwoajorcatgoies.Thepower-controlbsedmodlsstudythe
combinationofthesystemconfigurionandtheervicearaasafnctionof
SINRdistribution[14].Therate-controlbaedmodlfocusnhecombi-
ationftsystmconfiuratioandtedta-rteproviinasafunctio
oftheloaddistribution[15].Theprformacmodlishntheoptimized
oliontoprvidthedmndeddata-ratinheargtae,belohebest
atchingsstemconfigurtion.
Consideringthrequirementoftherate(load)basedmodltohavean
accurateeasurefraccell’scapacity,itiwkwepresentamahema-
calethodolgytocalculatthedata-rateprovisionfrmulti-userscenarios
foreahcellithflexileystemcofigurtiopaamtes.
3.ProblemStaement
Asmentioned,thepurposefthiworkistoprpseamethodologyand
lgorithmstoaccuratlyestiatethDLthrouhputorcapacty(C[bi/])
fLTEsysemsinrealiicscenaristhatconsidertedegradaionthatthe
di↵erntoverheadmecanismsprduc.
Inuiively,srthroughputicrseswiththenuberousefulREdur-
ingagiventimeintervalointerest.Thistieinterval tcanbeeithr1
TTIor1frame,dependingonthproblemthand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispapewewilllaelthetotl
umbrofusfulREs(thais,thoseforuserdata)duringatimeintrval t
byusingthnotaion:
verhdpercentge
(withrespecttothavailablREs)
,BW(MHz)
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TTI
RE,T
(%)=
O
Frme
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represet,respctively,thetotalnumberfavil-
ble(all)andoverheadREswithithetimeinrvl t.Superscript t
isnotsuperfluoussincitillassistusimodelingavarietyofsitution
withaunifiedformalim.Aswillbemodeldithispaper,someverhead
componentsapperonlyoceperframewhileothersarerepeatedeveryTTI.
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!!!!!!!!!!!!!!!!!Sio ina
For OFDMA-bas d network, such as LTE, h av ilable odels can be
een in two major cat go i s. The pow r-c ntro based models study the
co bination of the sys em configuration an th ervice area as a function of
SINR distribution [14]. The ra e-con ol b s d mo els focus on the combi-
ati n of the syste c figuratio n he data-rate provision as a function
f th load distribut n [15]. The perf rm ce model is then th opti iz d
s lutio o rovide e demanded dat -rate in t e target rea, below the best
matching sys e c nfigur on.
C nsidering the eq i em of the rate (lo d) b se o l to have an
ccura me sure f ch cell’ p city, in thi work present a mat e -
ical m thodology to calculat t data a pr visi n for ulti-u r scenarios
for ch ll w t fl xible yste onfig rati n par met .
3. P bl Sta e e
A io , h purpos of t is rk t prop s a m th ol gy and
lgorith s c r l sti t th DL throughp t or ca a ity (C [bit/s])
f LT sys e s re listi ce ri s t c nsi ers the degr da ion t a the
di↵ e erhead m h isms p ce.
I tu ively, er t r ghpu i creas s wi h n ber of us ful E dur-
i g giv t m i e v l of in res . This im i t rval  t can b eith 1
TTI r 1 fr m , d p di g n h pr b t h d (nu r f u s, file
size b ow l d by ny us r, c.). In this ap w wi l l bel th al
of eful R (th i , ho fo da ) uring a im interval  t
by i g e ota o :
 OFram, T(%) = O
Fra e
RE, T
AFramRE,
⇥ 100
U tRE, T = A tE, T  O RE, T, (1)
 t
RE, d O E, T re r s nt, r sp c iv ly th to l u b r of ava l-
abl ( ll) a d v R it n t me i terv l  t. Sup rscript  t
i o u fl s sin i w ll s is u in od a i ty f si atio
i h a u ifi f r . As i l b m d l i hi paper, s e ov h a
m pp a only o c pe fr w le s a r p ated ve y TTI
To proc d fur h r i L E pacity e imation i i c nv n ent t con-
id r at ll th bi s are us d tra sp rt us da bu also to d t ct
rr r (f r i ta c , Cycl c ed a cy Ch ck (C C) bits). The u er data
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F r OFDMA-b d network, such as LTE, the availabl m els ca be
seen in two aj r at g ries. The power- ont ol ba ed mo els study the
ombi a ion of the yst m onfig r ti nd the service area as a fu ction of
SINR dis ribution [14]. The ate-control based odels focus on the combi-
nat n f he system configurat on and the d ta-rate rovision as fu tion
f e lo distributi n [15]. T e perfo mance d l is th n pti ized
soluti n o pr vide h de ande data- in the rg t ar , b low he best
a ching syst figu ation.
Con i eri g t r quirem t of th a e (l ) a el t have an
ur t measur f a cell’s c paci y, in this wo k w p es t a m them t-
c l th ol gy o calc th at -r r visi n f r ulti-user enar s
f r a h c ll wi h fl xibl y te co figu ion p r me er .
3. Pr bl m St t
As ent d, h os f hi wo k i o pr os thod logy nd
lgori h o acc rat y tim th DL th oughput ca a i y (C [bit/s])
of L E ys s in r li ic s arios at c sid r h d rada i n t th
d ↵ re v rh d ha i s produ .
In uitively, r hro g ut increa e w h h umbe of us f l dur-
i g given ti e in v l f int s . This i i t rval  t c n b ei h 1
T I or 1 fr , p in n the pr bl d ( b r of use s, fil
siz be d l a by ny us , et .). I p p r l la l t t l
u b u f REs ( at , se f d ) du i ti i erval  
b s g ta i :
T I
RE, T( =
Fr e
RE,
AFramR , T
⇥ 100
U RE, T =  tRE, T  O tRE, T, (1)
w r A tRE, T a O tRE, T re sen , es cti l , the t tal mber of v il-
bl ( l ) a d v r ead R s wi hin t i int rv l  t. Sup rscript  t
is ot u rfluo sin it w ll ssis s i d i v i y f situ i n
t n unifi f r ali As will b m d l i his per, o e verhe
c mp s ap ea only per fr m whil o h rs are r p ated very TTI.
o proc e f th r with L E c acity e ti atio it i conv ni n c n-
si r that n t all the bits are d r s ort us dat but s to t c
r r (for inst e Cycli R unda cy Check (CRC) bi s). Th u r dat
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F r OFDMA- sed etwork, uch as LTE, he av ilabl models can be
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!!!!!!!!!!!!!!!!!Simina
ForOFDMA-sedetwrk,suchasLTE,theavailbleodelscanbe
seenintwoajrcategories.Thepower-controlbasedmodelsstudythe
cobinationofthesyseconfigurationandtheservieareaasafunctinof
SINRdisributo[1].Therate-cnrlbsedmdelsfcusnthecombi-
natioofthesystcnfigurationhedat-rtprovisionasafunction
fteloaddistribution[15].Tperfrmancodelisthentheoptimized
solutntopridetdeadeda-rteithargetaea,belowthebest
atchingsystmcnfiguin.
Csidrigthrquirementfthrate(lod)basedmodeltohavan
accuratmasurforhcell’scpacity,inthisworkwpresentaahemat-
calmehdoloytocallatehedata-rateprvisionfrmulti-serscenarios
foccellwithflxiblsysmconfigrionparameters.
3.PoblmSn
Astioned,urpsfthiskitopopsaethodolgynd
lgorithmstoccaelysitteDLthrughputrcapacity(C[bit/s])
ofLTEsystemsnrealiicscenrothatconsiderstegrdationtath
↵rentoverdechanismsprodu.
tiivly,uerthoughputicreasiththnurofusefulREdur-
ingagivenimeintervofitre.Thistimeinterval tcnbeeither1
TTIr1fre,dpendingothproblethnd(berofusers,file
sztobewnladbnyusr,c).Inthispaperwewilllablthetotal
numberofusfulREs(tis,tsefrusrdata)duringtiinterval t
byigthenotatio:
Ovrheadetae
ihspcttohavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 
RE,T
,(1)
heA
t
RE,T
andO
t
RE,T
rpeent,rsectivly,thotlumberofavail-
abl(ll)andrheaREswithinthtieinterval t.Superscript t
isnouprfluussinceiwillssstuinmodelgavarietyofsiuation
withuifidforlis.Aillbodeledintispape,someerhead
compnsapparolyoncprframwilehsareepeatedveryTTI.
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ForOFDMA-bsentwok,schasLTE,avilablemodelscanbe
seniwomajoctgries.Tower-crolaedodelsstudythe
cominationofhesystemcnfigurationadheserviceareaasfunctioof
SINRdistibution[14].Thrate-conrolbasedmoelfocusonthecombi-
atioofteystemconfiguationndthdata-rprovisionasafunction
oftheloadisribution[15].Theperfmacmodelisthntheptiized
soltintoprovidehdemandeddta-ratithetargetara,belowhbest
mtchingsysteconfiguration.
Cnsideitherequenoftherate(load)basdmodeltohavean
accuratmasureforeachcell’scapaciy,inthiwkwepreentamathmat-
icalethodlogytocalculatethedaa-rateprvisionformulti-usersenaris
freachcllwithflexiblsystemcofigurationparameters.
3.PrblmSttemen
Amenind,thepurposfthiorkistprpoeamthodlogyand
algorithmtaccurtelysiatetheLtroughputrcapacity(C[bt/s])
ofLTEsystemsinralisticscnaristhatcosiersthedegradationthtthe
i↵eretovehedchanismsproduce.
Itutively,userthroughpuinreaeswitthnubeofusefulREdur-
ingagiventieitervlofinterst.Titimeinterval tcneithr1
TTIor1fre,dependingnthepoblemhand(numbrfses,file
sizetbedownloadbyanyser,etc.).Inthisaperwewilllabelthtotal
uberofusfulREs(thtis,thfruerdata)duintimeinterval t
byusinghntatin:
Overhapercentag
(ithrepecttoalableREs)
,BW(MHz)
 O
TTI
E,
(%)=
O
Frme
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheeA
 t
RE,T
aO
 
RE,T
represet,respectively,thetotalnmberofavail-
able(all)andoveredRswithithtimeintel t.Superscript t
isntsuperflussicitillassisusilngvarietyfsiuatin
withanifiedformlis.Aswillbmodeldinthisaper,smovrhead
compoentspperolyncepeframewhilethersarerepeatedveryTTI.
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Figur 5: Over d er ( ), with res c t A tRE, T, as a function of BW. Sq ar d
sy bols r p nts   FrameRE, (%) OTTIRE, T( )
 OT IR , T(%) = O
Fr m
RE,
AFrameRE, T
100
6.2. S iv ty f ov rh ad DCI engt LDCI
As fu c f BW...
6.3 I flu nc f Ng “PH CH G up Sc li g Fac or”
As a fu ction of . .
6.4. S a i 1: sing ser. LTE M x um DL Data-rat
Wh he syst is c figur wi i s high t p r met r a all the
vail bl eso c s r ssigne to i gle U hich i in best ecep io
c ndi io s, t e high t a- t provisi n n b xpect d. A accurate
ove h d c l ul io s th t is cu to ized wi h the sy te c nfiguration, pro-
vid us with th exact am u t f sef l r s urces th t be assig d fo
data-tr issi .
Considering the aximum service pr visi n capabilitie f LTE, for max
a -rat c lcula ion, h following system c figuration shal be appl ed:
• T e i h t B f 20 MHz (N B = 100 and P = 4)
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6.1. flu ce n e c c p t as a fu c n of BW
F 1.4 is 31%. RS is 91%...
F r 20 MHz i 16%. S 46%...
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!!!!!!!!!!!!!!!!!Si mina
For OFDMA-based n two k, such as LTE, the available models can be
seen in w major c t g ries. The ower-control bas d models study the
combination of the ystem configura ion n the ervice a e as a function of
SINR istri ti [14]. The r te-co trol bas d o el focus on the combi-
na i of he sys em c nfigu ation an he da -r te pr visi as a function
of the l d dis ributi n [15]. The perf r a ce m d l is th n t e ptimized
olutio t provi e h m d t -rate in the t rg t area, bel t e best
a ch ng sy em c figurati .
Co ide i g he r q ireme f the rate (lo d) based d l h ve a
c ur e mea ure fo ea h cell’ cap ci y i his w k we presen a ma mat-
c l thod l gy to ca cula e ata-rat provision for ult -u cenarios
for e ch l with fl xibl s o figu at par t rs.
3. P obl Sta em nt
A i d, th p rp s of his w k is p p a m h dol gy nd
algo ith o cc r ely s i t h DL hroughpu r c p ci y (C [b /s])
of L E s ms n r listic sc r s a c nsid rs gradati at th
i↵ r t r d e anis s pr uce.
Intuitively, roughpu incr ses with u b r f us ful RE dur-
i g giv ti i t v l of i r s . Thi ti e int rval   ca be either 1
I r 1 fr e, de n i o th p b m t d ( b r of u ers, file
s z b l ad by a y s r, .). In this per we will l bel the t al
b of use ul REs (th is, th s for e da ) d ri g a i e interval  t
b u g t o io :
OFr mE, (%) = O
Fr me
RE, T
A a eR , T
⇥ 100
U , A tRE, T  O R , , (1)
w r  RE, T a O tRE, T rep t, resp c iv ly, th t al mbe of vail-
bl ( ll) n v r Es it t i e int rv l t. Su rscript  t
i su fl ous si it w l a si t u i de g rie y f sit a io
wi un fi f r li . A wil b m d le in thi p r, some overhe d
mp ne ts app ar ly r fr ile o ers a rep ate ve y TTI
T pr ce d f rth r it L E c c y i ation it s conve i nt t on-
si r h th bi s r used o tr n p r us r da a but ls d tec
rs (f r i tance, Cyc c d cy Ch ck (C C) bits). The us r data
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For OFDMA-ba d network, such as LTE, th availa l models can be
s in t major at gories. The power-control a ed mo ls study
c mbinati n of the ste confi ration and the servic a e functi n of
SIN di t ibution [14]. h r e-co t ol based odels f cus on the combi-
nati n f y t m nfiguration nd he d t -r t provisi n as a functi n
of h l d dis ribu i n [15]. he performance d l i then the ptimized
solu i n t p vid h de a ded data- i the targ are belo the est
m hi g yst n g ation.
Co sidering th r quir m of h rate (lo d) bas d model t h v an
ccu t meas r f ach c ll’s ca i y, hi work we pres t m the at-
ical h d l gy o cal l th at -r vision or ulti user s e ios
f r ach c ll i fl xib syst o fig r ti p er .
3. P obl S m t
As m t d, h p o of is work s o pr p se m t odology d
lgorith cc r t ly the DL thr ughpu r a aci y ( [bit/s])
of L E ys in lis ic c r os t t si gra i n hat t e
di↵e ent v h a s s du .
In it ly, hr ghp in re s wi t umb ful RE dur-
ng giv n i e n v l f inte . i nt al  t c be i h 1
T I o 1 fr , de d g n th ble t h nd ( u ber f use s, fil
s z be d l d by user, et .). I hi pap r we ill l bel h t l
b r f us ful R s ( is, th se for us da ) during a t e interval  t
by i g i :
T I
E, (%) =
OFrRE, T
AFramR , T
⇥ 100
U tR , T =  tE, O tRE, T, (1)
w r A tRE, T d O t , r n resp ctivel , the a umbe of v l-
abl (all) a d ov r ad R s wit i th t i rval  t. S r c ipt
i ot s pe fluou si c i will ssi us l ng ri y f si u tio
ith n u ifi r l m. A w ll b d l i thi p , o ove e d
c mp n app nly n p r fr il ot er are rep ted very T I.
pro e fur r wi E c acity i a i i is conv i n t con-
si r h t n t ll th bi are u d o ns r use dat t ls to de ec
o s (for i st Cyclic R u da cy Check (CRC) b ts). Th u er at
5
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F r OFDMA- e network, such as LTE, he v ilabl models can b
seen in tw major c t g ries. T power-c ntrol based mod ls stu y he
co bi tion f he sy e configura i n and h rv c are as func io f
SINR distribu i [14]. T e r te-c nt l b s d mod s focu n combi-
n t n the sys c nfiguratio d the d - te provi i s fu ion
of l d str ution [15]. Th perf rm nce de is then the ptimized
olution o r de t e anded d ta-r te th target area, bel t es
tchi g y t m co figura i .
Consi ri g h quire e of he r te ( d) b s d mod l hav
accu te m su f ac c ll’s capacity, in t i work w pr t a the -
ic l ethod l gy to lcu e h d t -rate pro is for m lti-user sce ari s
f e ch ce l with fl xib e syst m configur ti p r m ters.
3. Pr bl St t n
As e n d, the s of thi w k t ropos a tho ol gy and
al rit ms o c r t l estim h DL oughp t o c acity (C [ it/ ])
of L syst s i listic c a i s h consider t d g adation th t h
d ↵ r nt overhea ec is s p du .
In ui iv ly, us r thro ghp incr es w h th umbe of useful R du -
in giv n ti e in rval of eres . his m int val  t n b e the 1
TTI r f , d p n ing o the pr ble ha d ( u b r f u s, fil
size to b d lo d by any u , c.). I is pap r e ill label t tal
b f ful REs ( h is, t s fo u r a ) during me int rv l t
by us ng h ota n:
and idt , BW (MHz)
OTTIRE, T(%) =
F ame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
w re A tRE, T O tR , T r r sent, sp ctively, the o al um er f avail-
bl ( ll) d ver ad REs wi hi th im i terval  t. Superscrip  
is no sup rflu us inc will as ist in mo e ing vari ty of situa ion
wi a u ifi f r ali . A will be m d l his p per, som v r ad
co pon nts pp r only o e per fr m while o ers are rep te every T I.
T pr ceed fur he with LTE cap ci y est mati it is conve i n to on-
s er that ot l th bit r us t ransport user ata b t also to de c
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FrOFDMA-asednetwork,suchasLTE,theavailablemodelscanbe
senintwoajorctegries.Thpower-contrlbasedmodelsstudythe
combinationfhsystecnfigrationandtheserviceareaasafunctionof
SINRdistrbutio[14].Therat-cnrolbsedmdlsfocusnthecombi-
tionftesystecnfiguratinanthedata-rteprvisionasafunction
oftloddistributio[15].heperformncmodelisthentheoptimized
soluiopidtdaddaa-rtithargetare,belowhebest
atcigysemconfigratin.
Consideingtheuirementftherate(load)basedmodeltohavean
accuatmesureforahcell’scapacity,inthisworkwepresentamathemat-
icalmthdoloytocalulatethedata-ratprovisionformulti-userscenarios
forchcellwiflexiblysmconfigurationprameters.
.PlmSement
Aentioned,purposofthiswrkistooposaethodolgynd
lgoritmtocralyesimeheDLthrughpurcapaity(C[bit/s])
ofLTEsystesinrealisiscenrosttonsiderstegradationtatthe
i↵ertovehdhanissprodu.
Intiively,uhoughuicreasiththenumbrofusefulREdu-
inggiventimitvlofinr.Thistimeinterval tcanbeeithe1
TI1fre,depedigntheprbleatnd(numbeofusers,file
iztbdowlodayusr,etc.).Inthispaperwewilllabelhetotal
numberoffulRE(that,thseforuserdata)durigatimeintervl t
byusigthnttin:
Ovredpcege
ithrpctttheavilaleREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fa
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 
RE,T
,(1)
hrA
 t
E,T
nd
t
,T
preset,rspectively,hettalnuberofavail-
bl(ll)adoerheadREswithnhtmeinterval t.Superscript t
isntsurfluussincitwillassistuidelnavarietyofsitutin
whaunfidfrmals.Aswillbedlednthispper,omeoerhead
coptsppeaoyncprfrawilthersarrepeateveyTTI.
5
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ForOFDM-basnetwok,schasLTE,thevailabemlscanbe
senintmajorcategories.Twer-conrlbaeddelssdythe
combinatioofthesyseconfiguationadhesrviereaasfunctionof
SINRdistribution[14].Therae-ontrolbasdmolsfocusonhecombi-
tionfyseconfigurationandtha-raprovisionasafuction
ofteloadiribuin[15].Teperformancmodelisthentheoptimized
solutiooprovidehdmndeddta-rateithtargetarea,belowthebst
matchingsystmcnfigurin.
Cnsidrigtherequimentofthea(lad)amodelohavean
accuratemeasureforeachell’cpcity,inthiwkweprentmthemt-
icalmethodologyocalculateedat-rateprvisinformulti-userscenarios
orachellwithflexiblesystemcnfigurtionpaameers.
3.ProblemStaeent
Amentid,thpurposfthisokistoprposeamthodologyand
algorithtaccratelstiatetheDLtoughputorcapciy(C[bi/s])
ofLTsysteminraliticscenarthtconsidesthedegradatinhathe
di↵eretovehedchanismsproduce.
Ituitivly,uethroughputincreaswithnubeofusfulREdur-
inagiventimeinerofinteres.Thistimenterval tcneether1
TTIor1frme,dependingontheproblemathand(numerofuers,file
sizeeownladbyanyr,etc.).Inthispperwewilllbelthetotal
uberofuefulREs(thais,hsefruserdat)duingatimeintevl t
bysinhnotion:
Ovreadpercentage
(ithrepectothvilableREs)
,BW(MHz)
 
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Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
wheA
 t
RE,T
anO
 t
RE,T
reprnt,spctively,thetotlnmberofavil-
able(ll)andvereadREswithithetimeinrl t.Supscript t
isntsuperfluussicitllsisusinmodlingavarietyofsiuatin
wihannifidfrlis.Aswillbmodeldinthispper,omeovrhead
cmpentsppearnlyonceperframewhilthersarerepeatedeverTTI.
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Fig r 5: Ove h d rc g ( ), wit re c t , T, as function of BW. Sq ared
ymbol pr e t  OFramRE, T(%)  O IR , (%)
 OTTIRE, (%) = O
Fr
E,
AFra eRE, T
⇥ 100
6.2. S s iv ty f v rh ad n DCI length LDCI
A f ct f BW...
6.3. Influe e f Ng “PH CH Group Sc li c r”
As a function of B ...
6.4. Sc n i 1: singl u r. LTE M xi u DL D ta-rat
W n e s st i nfig r d it i s ig est par et rs ll he
v ilabl resources are a ig ed to a si gl UE hic i i b t r pt
condi i s, th igh st a- e pr visi c n b xpe ted. A accur te
v hea c lcul tions th is c t miz wi e sy t m c nfigurati , pro-
vi s us with th ex ct am un f u ful sourc s that n be assign d f r
da a-tr nsmissi n.
C nsideri g axi se vice provision c pabilities of LTE, for max
da a-r te c lcul ion, th foll wing syst m c figu ation shall be pplied:
• T e high t BW of 20 MHz (NRB = 100 nd P = 4)
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Figur 6: Overh ad er a (%), wit resp t o A tRE, , s a f cti of B . q r d
symb r p s n  OFrRE, T( I, ). OTTITOTAL =  OT IPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) =
Fr me
E, T
AFra eRE, T
⇥ 100
6.2. Se si vity f v d DCI l gth LDCI
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6.1. Influence o e ch comp ent as a fu ction of BW
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for eac cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of thi work is to prop se a methodology and
lgorithms to ccurately es mate the DL throughp t or capacity (C [bit/s])
of LTE systems in realistic scenario that con iders the degradation that the
i↵ r nt over ead mechanisms pro uce.
In u tively, ser roughput increases with the number of useful RE dur-
i g giv ti interval of inter st. This time interval   can be either 1
TTI or 1 frame, depending on the problem t hand (numb r of users, file
size o be d wnload by any u e , tc.). In this paper we will label the total
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For OFDMA-based network, such as LTE, the available models can be
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FrOFDMA-badnetwork,schsLTE,havailalemodlsce
seeintwajorcatego.Twer-cntrobadmolsstudythe
cominatinftesystecnfigratidtheervcreasfutiof
SINRdisrbtion[14].Thea-ontrolbadodlsfocuontcombi-
natiofthsystecnfigrioatedaa-atprovionaafuncion
fhloadditribution[15].Thprforncemdliheheoptiiz
solutonoproviethdmndddat-rhetargarea,belowthbes
matchingsystemconfigration.
Conideringherqurentoftherate(load)basdmolthave
accurtemasrfraccll’spaty,inthisworkwprsenamatt-
icaleodlogytocalclaetedaa-ateprovisoformult-usrscnris
foreahcllwitflexiblesystconguraonparaetrs.
3.ProblemStaeme
Amnoed,thpurposohisworkitopopsmethdloya
lgoithmtoaccuratlyestimatthDLthrugputorcpity(C[bi/])
fLTEsysemsinelisticscnaiosthatcsdersthedegradtnhatthe
di↵rentovehdcanismsprdce.
Intuitively,usehroughputincresewithhenubrfuseflREdur-
ingagiventiinvlfinrest.histmeiev tcnithr1
TTIor1frame,depndigonhpoblemthad(nubrfusrs,file
sizetbedwnloadbyayusr,c.).Intispapewewilllabelhettal
numberofsfulREs(thatis,thosefruserdt)duringaimeintrvl t
byusingthnotatin:
Overheadprcentage
witrespecttoeavilableRs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
R,T
Frame
RE,T
⇥100
U
 t
RE,T
=A
t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
eprsen,respectively,thtoalnumbrfavil-
able(ll)adoerheadREswithinthetimeinerval t.Superscript 
notsupefluoussinceitwillassistumodegavarietyofsituation
ithanunifidformlism.Aswillbeodelediispapr,someoverad
compontsppearolyepeframewhileothrsarerepeatedeveryTTI.
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ForOFDMA-basedetwrk,sucLTE,theavailablemodescanbe
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foacellwithflxiblsytemconfigraionparamer.
3.PoblmStatement
Asmtined,thepurpoofthisworkstprpsmehodologyad
algorithmstoaccuatlystimtethDLthroughputorcapacity(C[bit/s])
fLTEsystemsirealisicscenaristhatcosidshedegradationhtthe
di↵erentovrheadmechnimspoduce.
Intuitively,usertroughpuincreseswittheuberofusefulREdu-
ingagiventimeintervalofinteest.Thistieiterval tcanbeether1
TTIor1fram,dependingontheproblemathan(numberofusers,file
sizetobeownlodbyanyuser,etc.).Ithispaperwewilllbelhetotal
nuberfuseflREs(tatis,thoseforuserdata)dringatimeinrval 
bysingtheotatin:
Overheadprcentage
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Frame
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⇥100
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RE,T
 O
 t
RE,T
,(1)
wreA
t
RE,T
andO
 t
RE,T
represnt,respecively,thtotalnumbeofavail-
able(all)andoverhadREswithinthetimeinerval t.Superscript t
isnotsuperflussinitillassistusinmodelingavarieyofsituatin
withanunifiedformalis.Aswillbmodeldinthispaper,sooverhead
coponentsppearonlyoncperfraewhileothersarerepatedeveryTTI.
5
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
•
T
h
e
h
ig
h
es
t
sp
at
ia
l
m
u
lt
ip
le
xi
n
g
le
ve
l,
im
p
ly
in
g
2
co
d
ew
or
d
s
(q
=
1)
,
an
d
4
⇥
4
M
IM
O
(⌦
=
4)
.
26
Figure 5: Overh ad pe c ntag (%), w th respect to A tRE, T, as a function f BW. Squ r d
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0"
20"
40"
60"
80"
100"
1,4" 3" 5" 10" 15" 20"
6.1. Influe c on c c p n n as a f n ion of BW
F 1.4 is 31%. RS s 91%...
For 20 MHz is 16%. RS is 4 %...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 0#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-bas d ne work, such as LTE, the available models can be
een in two m jor categories. The power-co tr l based models study the
combina ion of the system configuration a d the service area as a function of
SINR distri ution [14]. The rate-con rol based models focus on the combi-
ation of the system configuration nd the data-rate provision as a function
of th load distribut on [15]. The perf rmance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matc i g system onfigur ion.
Co ider ng the r qui e e t of the rate (load) base model to have an
accurate measure for ach cell’ capacity, n this work we present a mathemat-
ic l m t odology to c lculate th data-r t provisi n for ulti-user scenarios
for ea h c ll ith flexible syste configuration parameters.
3. Probl St te ent
As me ti ed, the purpose of this ork is to propose a me od logy an
lgo it to ccura ly esti ate he DL throughput or capacity (C [bit/s])
o L E y tems in rea stic s n that considers the degradation that the
di↵ere v head mechanisms produce.
Intuit ve y, ser hr ghput inc eases with the number of useful RE dur
i g ive time i t rval of int rest. This tim interval  t can be either 1
T I or 1 frame, d ending on the pr ble at hand (number of users, file
siz b d wnlo d by ny ser e c.). In th paper we will label the total
ber of u efu REs (that is, t o e fo user data) during a time interval  t
y si g h ota io :
 OFramRE, T(%) = O
Fra e
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A RE, T nd O tRE, T repre ent, r s ctively, the to al n mber of avail-
ab ( ll) d ov rh a REs ithin the time interval  t. Superscript  t
is o up rflu sinc it will assist s i modeling a vari ty of situation
with n u ified form lism. As ill be modeled in this paper, some ov rhead
co p nents p ar only nc per fr me while t ers are r peated ev ry TTI.
T pro ed further wit LTE c p city estimation it is convenient to con-
sid tha ot all th bi s are used to transport user data bu also to detect
rr rs (for ins ance, Cyclic Redu ncy Check (CRC) bits). The user data
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F r OFDMA-bas d network, such as LTE, the available models can be
en in two major categ ries. The power- ntrol ba d models study the
o bina i n of he system onfigurati n and the se vice area a a function of
SINR dis ri tion [14]. The rate-control based models focus on th combi-
n io f the system configuration and the data-rate provision as a function
f th ad is ribu ion [15]. The pe form nce model is then t e optimized
s l i n to provi the d manded data- ate in the t rget a ea, below the best
atchi g syst m co figuration.
Co si ri g th requir ment of h ra e (lo based model to have an
ccurat easu e for each cell’s cap city, in this wo k we pr se a mathemat-
ical ethodol g to calculate the data-rate provisi n for ulti-user scenarios
f r ach cel wi flexibl system c nfiguration p r meters.
3. P l Sta me t
A n i d, the p rpose f this ork s o pro os m od logy an
lg ri s acc ra ly estimate the DL hroughput or capa ity (C [bit/ ])
of L E y em in ea i tic e rios t at considers e degradation that the
di↵ re verhe m ch ni ms produce.
In ui ive y, u e throughput i creas s wi h th nu ber of us ful RE dur
i g i n t i rv l of int . This im interval  t can b ei her 1
T I r 1 f a , d p ndi g on th proble at a d (number of users, file
iz o b down oad by any user etc.). In thi paper we will l bel the o al
numb r f ef l RE ( t s, thos fo u r da a) dur time interval  t
by usin t tation:
 OTTRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh r A tRE, T d O tE, T represent, re e tively, the t tal n mber of avail-
a l ( ll) a d ov rh d REs h n he ime interval  t. Superscript  t
is not up rfluo s inc i will assist us in modeling a vari ty of situation
wi h n unified for lis . A will led in this paper, some ov rhead
co p s appear nly onc p r fram while oth rs a e repeated ev ry TTI.
T pr c d f h r wit LTE c pacity estimation it is convenient to con-
d r that t all e bi s are used to tr nsport us r data but also to d tect
rr s (for n a ce, Cycl c Redu da cy Ch ck (CRC) bits). The user data
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F r OFDMA-based netw rk, uc s LTE, the va lable dels can be
s en in wo ajor c tegor s. The wer- ontrol based mod ls study he
c mbinati n f th ys em config r tio and the service are as a function f
SINR distri ution [14]. The ate-control base models focus on the bi-
n tio f the system configurat and t e data-rate pr ision as a function
of the l ad dist ibutio [15]. T e erf m nce model is then he optimized
solution to provide the dema ded data-rate in the target ar a, b low the best
matching system c nfiguration.
Co sidering the require ent of the rate (lo d) b sed model to have an
c ur t me sure f r each c ll’s capa i y, in this work we pres nt a mathemat-
ical thod logy t alculate e data-rate provision for multi-user scenarios
for each cell with flexi l syste configu ation parameters.
3. Problem State n
A me io ed, the p rpose of t is work s to prop se a m thodology and
l orithm to a cur t l es imate he DL t roug put or c paci y (C [ it/s])
of LTE yste s in realis ic cen ri s that considers t e de rad tion that the
↵er n verh ad c anisms o uce.
Intuiti e , user t roughput inc eases with the n mbe of useful RE dur-
ing a given tim in erv l f interest. This time int val  t ca be it er 1
TTI r 1 frame, de ending on the probl m t hand (number of users, file
siz t b d wnlo d by an user, tc.). In this er we will lab l the total
number of us ful RE (t at is, t ose f r user data) during a i e interval  t
y us ng the otation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Fram
RE, T
AFrameRE, T
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T re e ent, r spectively, the total number of avail-
able ( ll) n overh ad REs wi hin the time int rval  t. S perscript  t
is not sup rfluous s nc it will assist us in mod ling a va iety of situation
with an u ifi d fo malism. As will be modeled i this pap r, om overhead
co one ts appear onl nce p r fr me while others are repe t d every TTI.
T proc ed fur h with LTE capacity estimation it is convenient to con-
sider h not al the b ts a e used to tra sport user data but also to detect
5
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FoOFDMA-basenetwork,suchasLE,theavailabledelscabe
seenintwojoctgors.Theowe-controlbsedmodelsstuyte
cobinaionfhsystmconfigurtiontheservicaraasafnctioof
SNRdistribution[14].erat-colbsmodelsfcusonecmbi-
atiofsysfigurationdtdt-tprovisinasafuctio
oftheloadstribution[15].heprformancemoelisthnthoptimzed
solutiotoprovidedneddat-eithtgetae,belowthbst
mtchingsystmconfigratio.
Conideringthrquientofthraelad)bsdmodetohavean
ccuratemeasurereachl’scpcity,ithisrkwepresntaae-
icalmodologycalculatehedata-pvisiofmlt-usrcearios
foreaccellwithflxibleysmonfiguationpameers.
3.ProblemStan
Asmtond,thepurposotisworkitppmdlogyad
algorithmstoaccuratelyestimaeteDLthrougputorpacty(C[bit/s])
fLTEsytsnralisticscenarioshatcsidrsthedegrdtionat
di↵entverheadchasprduc.
Iitivly,uthoghputincreawiththeumbrfusflREdu-
ingivimeiervlitr.Thistimiervl tcbeithr1
TTIo1frame,dpningonthepblm(numbofusrs,fil
sizobedownloadbyanyur,tc).Intisprwwlllbeltetal
nubeofusflEs(thatis,thoforsdata)durngatieiteval t
businghentation:
Overhadpercntag
witresettoteavailbleEs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
E,T
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
aO
 t
,T
rrsent,reecivly,otalumberofavai-
abl(ll)adoreadREswithinetiminrvl t.Superscrpt t
snotsuperfluousinitwillassisuimelngavieyofsiuation
withnunifiedfralis.Aillbmodeldtisppr,smovrhead
coponntspparolynepefamewiltherarptdevryI.
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,uchasLTE,theavlablemdelscabe
snintmjorcategories.Thpowe-contolbasedmsstythe
combinatinofthesysteconfigurationandtserviceraasafunctonof
SINRdistribtion[14].Thra-contrlbsedmolsfocuotcmb-
nationofthessmcofiguratindthdat-rateprovisionafuctio
oftheloaddisribution[15].Theperformancmodelistheeotiized
soluiontoprovidetdanddta-ratentheargtarea,belothebst
atchigsystemconfiguraio.
Cosideringtherequirementoftherate(lod)basedmodeltohavan
ccraemeasureforechcell’capacity,ithisorkwepresentamthmat-
iamehodologytoclculatetdaa-rateprovionformulti-urscenarios
foechcllwithflxiblesysemcofiguratioparameters.
3.PrblStatmet
Asmentioed,thprpoeofiworkistprosamehdologyad
alorithstoccurelysiateDLrugpuorcapcit(C[bit/])
ofLTEsysemsinealisiccnarishtconsiderstedegradaiothathe
di↵erntoverhadechsmspoduc.
Intuitively,usethrouguticeaeswihhenuberofusfulREdur-
ingagiventimitervlofinterest.Thstimeinterval tcanbeih1
TTIor1frame,deengothroblemathd(ubrofsrs,fil
sizetowladbyayuse,c.).Inhispaprwewlllabelthettal
numberofusfulREs(ttis,thoseforuserdtadurigaimeinrvl t
byusinhenotation:
Overhedpeceag
(withespctothvalableEs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheA
 t
RE,T
O
 t
RE,T
reprse,respectivly,tettalumberofavail-
able(all)ndoverhadREswitinthetmeineval t.Supersript t
sntsuperfluussicitillassistusinelngvaietyfsiuation
ithaunifiedforalis.Aswillbemoeldinthispaper,somoverhead
coponentsappronlynceperfrmewhilothersarepeatedevyTTI.
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Fig r 5: Ov rh d p rcen a (%), wi h resp ct t A tRE, T, as a function of BW. Squ red
ymb ls epr e s OFrameR , (%)  OTTIRE, T(% .
 OTTIE, T(%) = O
Fra
RE, T
AFrameRE, T
⇥ 100
6.2. S nsit vi y of overhead on DCI length LDCI
As f c ion of BW...
6.3. I fl nce of Ng “PHI H Gr p Sc l ng Factor”
A a fun i of BW...
6.4 S e a o 1: single s . LTE Maximum DL Data-rate
W n he ys em is onfigur d ith ts highest p r me ers an ll the
availabl r sou ces re assigned t single UE which i in the b t c tion
co i i ns, e hig e data-r provision ca be expecte . An ccurat
over e d alculations t t is cus mized with th system configuratio , pro-
vides us with the exac amount of useful resources th t can e assigned for
d t - ra s issi .
Con idering t maximum servic provision c pabilities of LTE, for max
data-rat c lcul tion, the fol owing s stem configuration shall be applied:
• The hig est BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. I flu c co ent a fu c on f BW
F 1.4 is 31%. RS s 91%...
For 20 z is 16%. RS is 46%. .
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based netwo k, such as LTE, the available models can be
seen i tw major cat gories. The power-control based odels study the
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f LTE sy t ms in alis ic scen rios t at consid rs gradation that the
i↵ rent ver d cha isms produce.
Intui iv ly, e throug ut i cre ses w th the n mber of seful RE dur-
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s z o be wnl ad by ny us r, etc.). In this ap r we will label the total
umb r of usef l REs (t t s, e for user data) duri g a time interval  t
y using the n t ti n:
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r rs (f r i st nc , Cyclic Re und ncy Check (CRC) bits). The user data
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cobintionofthytmcnfigurtioanthservicreasafctioof
SINRdistribution[14].Terate-controlbaseodelsfcusothcobi-
nationofthesymcofigrainndtdt-rteprovisasafuntion
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⇥100
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RE,T
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 t
RE,T
 O
 t
RE,T
,(1
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 t
RE,T
dO
 t
RE,T
restrpctivly,etalnbrfavail-
abl(ll)andohadEswithintheiminlt.Spscrip 
isnotsuprflousineiwillaistuielngvarietyofsiutin
withnunifidfrmasm.Aswillbeodeledinthspper,smoverhed
copontsapperolyepfewhilthersaptedeveyTI.
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F gu 5: Ov r d p r e (%), wi h res ect to  tRE, T, as function of BW. Squared
y bol rep e s  OFra eRE, (%) TTIRE, (%).
OTTIE, (%) = O
Frame
RE, T
AFramRE, T
⇥ 100
6.2. S itivity of overhead n DCI length LDCI
A f c io f BW..
.3. I fl nce Ng “PHICH Group Sc ling Facto ”
s f c io of BW...
6.4. S en i 1: singl . LTE M ximum DL Data-rate
W n e ystem is config red wi h ts h gh st par me ers an ll the
av i abl res u es are assig d t a single UE which i in the be t r c pti n
diti ns, h hig s dat -r pro i ion can be expecte . An ccurat
ov r alcula i ns t t is cus omiz d wi h th system configuration, pro-
vides with the xact amount of useful resourc s th t can be assigned for
d ta- rans issi .
Con ide i g the m ximum servi provision c pabilities of LTE, for max
data-rate calc latio , the following s stem configurati n shall be applied:
• The high st BW o 20 MHz (NRB = 100 a d P = 4)
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F g r 6: Ov rh ad perc n ag (%), with respect to A RE, T, as a function of BW. Squar
sy o s r pres nts  OFrameRE, T( I, ). OTTITOTA =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Fra e
RE, T
AFra eRE, T
⇥ 100
6.2 S si ity of ove head o DCI length LDCI
As a fu c i f W...
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6.1. Influen e on eac com ent as fu tion of BW
F 1.4 is 31%. RS i 91%...
Fo 20 MHz is 16%. RS i 46%...
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configurati n and t e ervice area s a function of
SINR distribution [14]. The r -control based models focus on the combi-
nation of the system c nfiguration and the data-r te provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to pr vide t demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate easure for each cell’s capacity, in this work we present a mathemat-
ical m thod logy to calculate the data-rate provision for multi-user scenarios
for each c ll with flexible system c nfiguration parameters.
3. Pr bl m St t m t
As e tio ed, the purp se of his work is to p opose a methodology and
lgorithms to accurately estimate the DL throughp t or capacity (C [bit/s])
of LTE syste s realistic sc narios that considers the egradation that the
di↵erent overh ad mechan sms produce.
Intui iv y, user throughput increases with the number of useful RE dur-
i g given tim in erval of interest. This time interval  t can be either 1
I r 1 fra e, depending on he problem at hand (number of users, file
size t e dow l ad by a user, etc.). In this paper we will label e total
umbe of s ful REs (that is, t ose f r user data) during a time interval  t
by us g h n tation:
 OFra eRE, T(%) = O
Frame
RE, T
AFrameE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T a d O tRE, r pr sent, res ec iv ly, t t t l n mber avail-
l (all) nd overh d REs within th time i t rv l  t. Superscript  t
is uperflu us sin e it will assist us in mod ling a variety of situation
ith fi f r alism. A will b m deled in is pap r, s me overhead
compo ts appe r on y once p r fram while others r r peated ev ry TTI.
o roc e fur her wi h L E apacity stim t o it is c nvenient to con-
i r th t t all he its r us to t ansport use a a ut also to d t ct
rr r (for t ce, Cyclic Red an y C ck (CRC) bits). Th user d ta
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configurati n and t e ervice area s a function of
SINR dist ibution [14]. The r t -control based models focus on the combi-
nation of the sys em c nfiguration and the data-r te provision as a function
of the load distribution [15]. The p rformance model is then the optimized
solution to provide the a ded data-rate in the target area, below the best
atching system configuration.
Consid ring the requirement f the rate (l ad) based model to have an
accurate measur f r each cell’ capacity, i th s work we pr sent a mathem t-
ical method logy o c lculate the data-rate provision for ulti-user s e arios
for each cell with flexi le system configuration parameters.
3. Problem S tement
As e tio ed, the urp se f this ork is to pr pose m thodology and
lgorith to accur ely estimate th DL t roughput or capacity (C [bit/s])
of LT syste s in re listic sce ari s hat considers the egradation th t the
i↵ere over d mechanisms p oduc .
I ui i y, u r throughp t increases with the umber of useful RE dur-
i g giv n time in erval of int rest. Th s tim interval  t an be either 1
TTI r 1 fr me, e ending on the pr bl a h nd (number of users, file
siz to be downl a by any us r, e c.). I this p per w will label the t tal
u ber f us ful REs (that is, tho e for user data) durin time interval  t
by using t otatio :
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh  RE, T and O tRE, T repres nt, r spec ively, the to l nu ber of avail-
able ( ll) a v r ea REs wi h n the t me i te val  t. S perscript  t
s ot s p rfl u since i ill s is u i modeling vari ty of ituation
with n u fi for li m. As wil b mod l in th s p per, s e ve e d
po e ts appea o ly once per frame while th rs are repeat d ev ry TTI.
o ce f with LTE ap ci esti at n i is c venient o c n-
si r h no all he bit u ed t transport use data but also to det ct
rr (f r in t c , Cyclic R d ndancy Check (CRC) bits). Th user d ta
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The ower-cont ol based mod ls study he
combin ti n f the sys em configurati n and the service area as a function of
SINR distribution [14]. The rate-control based models focu on the combi-
nation of he system configuration and the data-rate pr vision as a function
of the load distribution [15]. T e performance model is then the optimized
solution to provide the demanded ata-rate in the target area, below he b st
matching syste configurat n.
Consideri g the requirement of the rate (load) based model to have an
ac urate me sure f r each cell’s capacity, i this work we pre nt a mathemat-
ical m tho ol gy to c lcula the dat -ra e provisio for multi- ser scenarios
f r ea h cell with flexible system configura i parame ers.
3. Pr blem Sta nt
As ent n d, the purpos of this work is to propose meth dology n
lg ri m t accu at ly imate the DL th ughput or capacity (C [ it/s])
of LTE sys s n realisti sce arios that c nsi ers th degradation th t e
di↵erent ov rhead echanisms roduce.
I tuitively, ser thro ghpu increas s with t e number of useful RE ur-
ing giv n time i er al of intere t. This time interval  t can be either 1
TI 1 fram , epen ing on the probl t hand (nu b r of users, file
size be downlo d b any user, tc.). I hi paper we will label the tot l
numb r of useful REs (that is, th s for user data) during a tim ter al  t
y us g the nota ion:
Ba dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
he A tRE, T a d O tRE, T r p es nt, respe tively, he to al nu ber of av il-
bl (all) nd v he d REs wi in the time int rval  t. Sup rsc ip  t
i no p flu us s n i wil assist us in od ling a varie y of situation
w h n u ifi d f rmalism. As will b mo eled in thi paper, some ove hea
c ne ts ap ear only nc per frame whi e ot rs are r pea d every TTI.
To p oceed fu t r w th L E capacity esti ation it is co nie t to c n-
i e tha o al the bit are use to trans ort user da but als o detect
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FoOFDMA-batwk,chasLTE,havalbeoelscb
eenomajorcatgries.Tpower-ontrolbasemodlssye
cobiinofsysecfigratindthervieareaasfuctionof
SINdistributin[14].Thrte-cotrolbasedmdesocusthecbi-
ainofhesysemfigurationdt-ratepoviioafuctio
ofheaditiutio[15].Trfmancodlsthhoptimize
sluiotpovdethedemanddata-rateinhearger,blowhebest
matchinsysmconfigurain
Conideringtrquirtofthrate(lod)asodlthavea
accuraemesureforccl’scapacit,nthiswkwepresamatheat-
ilmthodlogytoclculathdt-raeproisonfrmuti-usrscarios
foreachellwhflexiblsystecnfiguationpamers.
3.ProbmSten
Asined,thepurposeofthiwrkstprosehodologynd
lgorimstoccratelytimateteDLthrughputorcacty([bit/])
ofLTEysemirlstccnaristconsiderthedegaatonthtt
di↵erentoerheadechanismsoduc.
Ititivly,userhroputicreswththeumbrofusefulEr-
ingaivenimeintervalfnteres.Tistimeiterval tcnbeeither1
TTIo1fame,dependingonthepoblemthand(mberofusers,file
izetobedownloadbyyusr,etc.).Inthispaperwwlllbelthettl
numbeofusfulREs(thtis,thseforusrd)dringatieitevl t
byusingtentaion:
Ovradpcentae
ithrespcttothavalbleREs
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⇥100
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 
RE,T
=A
 t
RE,T
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RE,T
,(1
whereA
 t
RE,T
ndO
 
RE,T
reprsent,respectively,theotalnumbrofavail-
able(ll)noerheaREswithinthetiminterval t.Superscriptt
isnosuperfluoussineiwillassistuinmolngvrietyofsiuation
withanunifiedformalism.Awillbemodeledinthispper,someovrhead
componntsppearolyncepeframewhileothersareepeatedeveryTTI.
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ForOFDMA-basednetwork,suhasLTE,theavailablemodlscanbe
seintwomajocatgorie.hpower-cnrolbdoelstudhe
combitionofthesystmconfiguraionadtesriceareasfunctiof
SINRdistribution[14].Therae-corolbasemodlsfocuotecobi-
natiooftheystemconfiuraianthedata-rateprovisinasauncion
oftheloaddistribtio[15].Theperformacmodelisthntepimized
olutitpovidehedmandeddt-aeietargetarea,belowhebest
matchingsyecofigurati.
Conideringthrequimentfthre(loa)sedoetohavan
ccuratemeasurforeccl’scaacity,intiswkeprsenamathemat-
iclethodoloyocalclatetdta-ratprovisionforulti-userscnarios
foreccellwithflexiblsystemconfigurationparametrs.
3.ProblemStaeet
Asentioned,hprpoeofthisokistoprpsamethodologyand
algorithmsaccuratelyestimatehDLhroughpuocaacity(C[bit/s])
ofLEsyinrealisticscenaisthatcosidrsthedgadatinthtthe
di↵eretveradechanismsproduce.
Iuitivly,serthrughutincrswitthenumberofusefulEdur-
inggvetiintervalofinteret.Thtimeitervl tcanbeeither1
TTIor1fra,dependigonthprblemathd(numberfsers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllblthetoal
numberoffulREs(thati,thosefrusrdata)duringatimintvl t
yusinthnotation:
Oerheadpercentage
(withrspecttotheavailableREs)
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⇥100
U
 t
RE,T
=A
 t
RE,T
 O
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able(ll)andoverhadREswithinhetintrvl .Supescipt t
isnotsuperfluoussincitillassistusnmodelingavarityofsituation
witanunifiefrmalis.Aswillbemodeldnthispaer,meoverhead
comnntsppearnlyonceperframwhileothersrerepeatedevryTTI.
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For OFDMA-based network, such as LTE, the available models can be
se in two aj categories. The power-c ntrol ba d models study the
combina io of t e sys em configuration and th se vice are as a function of
SINR distribution [14]. Th ra e-con rol based models focus on the combi-
ti of t system c figur ti n nd th dat -rate rov ion as a function
of th l d distri ut on [15]. T e p rf rmanc mod l is h n the ptimized
solution o provi e the d a ded data-rat in the ta get ar a, below best
matching sy em o figu ion.
C si e ing the requi ent of h ra e (load) bas d model to have an
ccu at measur for ch cel ’s capaci y, in thi work we prese t a mathemat-
ic me hodol gy to calculate t da a-r te prov si n for ulti-user scenarios
for c c ll with flexible system configura io paramet rs.
3. P obl Stat e t
As m ntio e , th p pos of this ork is to pr p s a ethodology nd
lgori s to cc ely stim te h DL roughput or c p city (C [bit/s])
of LTE sy s in re listic scenarios hat considers th degradati that the
d ↵ ve h c sms pro uce.
I itiv ly, us t oug pu in ea s with th umb r of useful RE ur-
i g a iv tim i terv l of i terest. Th s ime i t val  t can be either 1
T I r 1 fr m , d ndi g on proble t and (number of users, file
siz to b downlo d by any ser, tc.). I his pa r we will label the total
b of u ful REs (that is, o e f u er data) during a time interval  t
by usi g h t ion:
 OFr eRE, T(%) = O
Fra e
RE, T
AFramRE, T
⇥ 100
U tRE, T = A tRE, T O RE, T, (1)
er  RE, T d O RE, T rep ent, esp c ively, th to l n mber of avail
l ( nd rhe d RE ithin the ti e interval  t. Superscript  t
ot s perfl si ce i will assis us n m deling a ari ty of ituation
ith a u fie orm l s . A will be mo eled in this pap r, some ov rhead
po e r o y nc pe f a w ile ers are repe t d ev y TTI.
T r d f the with LTE paci y es m tion i is o v ni nt to con-
t all bits e u ed o ra s t user data but also to detect
rrors (for inst nce, yclic R du ancy Check (CRC) bits). The user ata
5
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F r OFDMA-bas d n tw rk, such as LTE, th available can be
see in two m jor ca e o i s. The power- on rol ba ed models study the
mbin on of t e system nfigu ation a d th s rvic are as a function of
SINR i ibu io [14]. T e rate-control based mod ls f cus on t combi-
n t on f the s stem c figuration and the data-r t provision as a function
f the l ad distrib tio [15]. The perf rmance mod l is h n the ptimized
solu i n t ovi e th de a ed d ta- at in the t rget a a, below best
matchi g syst m co figura i n.
Con i r g t req irem t of the a e (l ) based model to have an
accur mea u fo eac cel ’s cap ci y, in this w k we r se a athema -
c l m thodol g calculate e dat -r t rovision for ulti-user scenarios
for e c el wit fl xible syst configur tion para et rs.
3. P bl S tem n
A m n i n , r se f thi rk i to p pose a me odology and
l it curately e tim e the DL throughpu or capa ity (C [bit/s])
o LTE yste s n re l t c c rios t c sid rs he degrada ion th the
di↵ t ov he d i ms produ e.
In i iv ly, r r ughpu i reases with th numbe f useful RE d r-
g g ven ti i t v l f inter . This im i ter al  t can b i h r 1
TTI 1 f , p n ing on th p oblem at a d (nu ber of users, file
size do d b any us r, c.). I his pap r we w ll l bel the total
mber f s l RE ( ha is, those f user dat ) uri time interval  t
by us th no i :
T I
R , T(%) =
OFra eRE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T    t , T, (1)
w e A tRE, T a O tRE, T r prese , r sp c i ely, the t tal n mber of avail
bl a l) d r ead REs i hin the ime interval  t. Supersc ipt  t
i not up fluous sinc i will a sist us in model ng a v ri ty f i uation
ith nifie or li . will be modeled in this paper, some ov rhead
c o ent pp ar o ly o c pe f a e while o h rs a r peate v y TTI.
To pr c f r r wi h LTE c pacity est m tion is conv ni nt o con-
id r n ll th b ts re us d o tr n p r us r data but al o to det c
rr rs (f r insta c , Cy ic Re da cy Check (CRC) bi s). The user data
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For OFDMA-based e w rk, such as LTE, the avail ble m dels can be
s e i two j r c tego s. The w r- ontrol based mod ls study h
c mbina f the yst m configur tion and th service are s function of
SINR dis ibution [14]. The rate- ntrol b d d ls focus on th c mbi-
ti n of th sys em configura ion and he data-ra e pr vision as a function
f th l ad di t ibut [15]. T e p rform nce model is h n he ptimiz
lution to provid he de a ed dat -r in the t g ar a, b low h best
chi g sy t m configura i n.
C nsi eri g th requirement of th rate (lo d) b sed del to ave a
cu e sure f ach c ll’s apa ity, i this work w pr sent a math mat-
ical hod l gy to alculate th da a-rate r vision fo ul i-user scen r s
for ac el wit fl xibl syste configura ion parameters.
3. P obl m Stat m n
As n io d, th purpo of is work is to pr se a method logy nd
lg r thm cu t ly sti at he DL hro ghput r capacity (C [ it/s])
f LTE syst i realist c sce i t at c nsiders th degr datio hat he
i↵ rent overhead mec a isms produce.
Intuitively, us r throughp inc ea with he numb r of u eful RE du -
i g giv n tim in erval f i terest. Th s im interval  t ca be it er 1
TTI r 1 frame, dep ndi g t e pr bl m at hand ( umber of users, file
siz o b down oad y a y us , tc.). In is p per we will l b l he to al
number f s ful REs (that is, th s for us r da a) during a tim int rv l  t
by us ng t e ot i n:
B n wid h, BW (MHz)
 OT IRE, (%) = O
Fram
E, T
AFr meRE, T
⇥ 100
U R , T = A tRE, T O tRE, T, (1)
wh A tRE, T and O tRE, T repr s t, r spectively, the total number of vail-
bl (all) a d over ead RE within tim int rv l  t. Supersc ipt  t
s n s perfluo s sin e it will assist us in mod ling a variety of situation
wit unifie fo malism. As will be modeled in this paper, so overhead
comp n nts appear o ly nce p r fram while others are r peated every TTI.
To proceed fu ther with LTE capaci y es imation it is conv nient to con-
sid that not all the bi s re used o tr nsport ser data but also to detect
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ForOFDMA-basedntwrk,suchasLE,tavailablemodlscanbe
nintwomjrcaegris.Thepower-controlbasedmoelstudythe
cobintiofsystemonfiguratnadthervicarasfncinf
SINRdistrbutin[14].Therae-corolbasedmdelsfocsonthecomb-
natinfthesystemconfigurationandthat-ratprvisisafuco
oftheladdistributon[15].Thprformcmodistenpimizd
solutnprovitdmadedaa-rateithergare,lowthebes
machinsystmcfiguration.
Consdrigthrquimentftrt(load)baseoelhvan
accatearfrchcll’cpcity,iswoksntam-
iclethdlogytoclulatetheda-rateprviiofmuli-srscenario
freahellwtflexiblsyscfigationpraetr.
3.ProlSmt
Amntond,thpurpsefthiswokistopomodogyd
lgmacuratlyesmthDLoughpurcpacity(C[bit/])
fLTEsystemsrealisticscnrishacsidrthedgrdtiohath
di↵ernoverhadmechaiproduc.
Ituitvly,usroghputicrswthnurofuefulREdr-
iggiventimeinrvlofintes.Thismeitrvl cbeithr1
TI1fra,epdigntrobleathn(nuerofers,fil
siztobdwnloadbayuser,tc..Intipprwewillabeletotal
nuberofsfulR(thais,thosforusrdata)durngaimenevl t
bysgtheti:
Ovehdpceage
wihspctotvilbleRE
BWMHz)
O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 
E,T
 O
 
RE
(1)
whrA
 t
RE,T
andO
 t
RE,T
prse,rectvl,thetotlnuberfavail-
abl(l)andohadREswihinhetieitrva t.Supesipt t
inotsupefluosniwilasitiodelaaeysituaton
wiunifieformlism.Allbedelitipaer,someoverh
componsaelyocrfrmewhilothrerpatdevryTTI.
5
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ForOFDMA-basnwrk,sucsLTE,thavilablemdcanb
seeinwomajrcategories.Thepwr-controlbaseddelssudythe
combiatonoftesystemconfigtindthervicaeafnctioof
SINRdisibutin[14].Thrate-contrlbasedmodelsfocusnhecombi-
naionofthesystemconfigurionandedat-aeprovisiasafunction
fheloaddistribuion[15].Theprforamdelshtheoptiized
soutiontprovidhdeandedat-rateinthergara,blowthbes
tchingsysmcnfigurtion.
Cosierighquirmntothera(loa)bsedodeltohavan
ccuratemasurefreachcell’scapacity,inthiswrkwepresentaathemat-
icalmehodologytocalclahedaa-rateprovisionfrmuli-userscenarios
foreacllthflxiblesstmcofigraoprmeter.
3.PrlmStent
sentioned,hepuposefthiswrkistprseamthodologyand
algoitmstoaccuraelyestimatetheDLthroughputorcpacity(C[bit/s])
fLTsytemsinrealisticscenarithacnsidersederadatiohatth
di↵erentoreadmechanismsprduc.
Ituitively,urtroughputincreasesitthenmberofuseulRdur-
ingagiventieitrvalfinters.Tisimeitervl tanbeeith1
TTIo1frm,dpendingonteroblemathnd(ubeofusers,fil
sztobedowlodbyanyur,ec.).Inthspperwewilllabeltetol
nmberofuseflREs(tatis,thoforserdata)uringatimeitrva 
byuingthetn:
Overeaprcntge
(withresctotheavailableREs)
,BW(MHz)
 O
TI
RE,T
(%)=
O
Frame
RE,T
A
Fra
RE,T
⇥100
U
 t
R,T
A
 t
E,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
dO
 t
RE,T
reprst,respectiely,thetotanumbfaval-
abl(ll)andovrheadREswithinthtiinteval t.Suprscript t
isnotsuprfluussicitillassisusinelngaarieyfiuatio
withanunifidfomalis.Asillbodeldinhispape,somvrhe
cpontsappearonlyoncepeframwileothrareepeatedevryTI.
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F gu e 5: Over a p cent ge (%), with esp ct o A tRE, T, as a function f BW. Squ red
sy ol re r s nts  OF mRE, T(%)   TTIRE, T(%).
O IR , T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6 2. S s i of e head o DCI l ngth LDCI
As f i f BW...
6.3. I flu nc f N “PHI H G oup S al ng Facto ”
As a fu cti n of B ...
6.4. S o 1: singl ser. LTE Maximum DL Da a-ra
h n t ystem s configure wit it gh st par m and ll the
ilabl r ourc s ar sign to a si gle UE which i n th be t r cep ion
con it on , he high st da a- te provisi n c b ex ct d. An accurate
ver a alc l tions t is cus omized with the system configuration, pro-
vid s us i t e xa unt of usef l res urces t at can b assigned for
a-tra mission.
C n i eri g th aximu servi e p o is o capabilities of LTE, for max
data-rate calc lation, the f llowing ystem c nfig ration shall be applied:
• e highest BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. I fl ac c p ent s a fu ct n f BW
Fo 1.4 is 3 % RS i 91%...
F r 20 z 16%. RS i 46%...
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For OFDMA-based netwo k, such s LTE, the available models can be
seen in tw major cat g ies. Th power-c ntrol based mo els study the
c mbi ation of th ystem configuration nd the service area as a function of
SINR istribution [14]. The a e-control bas d models focus on the combi-
ati of h sys em c figuration an he data-r te provis n as a function
f the lo d distri ti [15]. The perf rma ce mod l is th n the optimized
olution o pr vide the demanded data-rat in target area, bel w the best
chi g sys em co figur ti .
C i ing the r quireme of the rate (lo d) based model o h ve an
ccurat ure f r e ell’s capacity, in this wo k w pr se a ma hemat-
ic l eth l gy o c lcula e data-rat pr visi for mul i-user scenarios
for each ell with flexibl ystem o figu at on parameters.
3. P l S at e t
As nti ed, the p pose f this work is to p op a method logy and
algo it s to c urately e i t th DL throughput or capacity (C [bit/ ])
f L E yst m i r stic scen rio hat cons d rs t d gr a i that the
di↵ t erh d c a is s produce.
I uiti ly, s throughput increa s with the number of seful RE dur-
i g g v t me in v l of int rest. Thi time i terval  t ca be either 1
T I 1 fra e, ep di g t pr bl m at and (number of users, file
s z b l ad b a y us r, etc.). I this p r we will label the total
mb of u f l REs ( h t is, e for u er data) duri g a ti e interv l  t
by si g h o ati n:
 OFr eRE, T(%) = O
Frame
RE, T
AFrRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where  tRE, T a O RE, T r p en , resp c iv ly, th total n mber of avail
ble ll a overhead REs i hin t ti e interval  t. Superscript  t
i o uperfl u si ce i will assis us n m eling a a i ty of ituation
i h a u ifie formalis . A il b mode ed i his pap r, some ov rhead
o o en pp ly once pe f am wh le hers are repe ted ev y TTI.
pr c ed f with LTE c pacity es m ti s co venient to con-
i r th o all he i s r u ed to ra s or ser d ta but lso to det ct
o s (f r i s anc , c e und ncy Check (CRC) bits). Th user data
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For OFDMA-ba d network, such as LTE, the available m els can be
seen in t o major ca egories. The power-control bas d mo ls study t e
c mb ati n of the system co fi ur tion nd he s rvice rea as a func ion of
SIN di tribu ion [14]. T e r -control based models focus on the combi-
n t on f s m configuration and he d ta-rat provision as a functi n
f h lo dis i ution [15]. The p rfo man e m del is hen th optimized
solu io t ovide h de n ed data- e in the arg t area below the be t
ma c i g yst onfig ratio .
Con i e i t r q irem nt of h e (lo d) se odel o ve an
ccur t sur for c c l ’s cap ci y, in this work we pr s nt a mathemat-
l et o ology t cal ul e th d a- at pr visi n f r multi user sc narios
f r ach cell with fl xibl sys m configuration pa ameter .
3. P bl S t m t
A menti , p rpos of his work i to p op se a thod logy and
lg i c a ly ti e the DL thr ug pu r cap city (C [bit/s])
o LTE ys ms n r ali t c scen rios c nside s th degr da ion th th
↵ v d c nisms produ e.
Int i ly, s t r ughput incre s s with th mbe of seful RE d -
g gi n tim i t rv f nt rest. This time i rval  t can b ith r 1
TTI or 1 f , dep n i g on th pro l m at ha d (number of us rs, file
siz to be d w d y u r, e c.). In this pa er we w l l bel the total
ul E ( is, th e fo user d ta) during a time interv l  t
by usin t t o :
 O IR , (%) =
F e
R , T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
w r A RE, T an O tRE, r pr en , r pec i ely, the t tal n mber f avail
bl (al ) a d ov r d REs i hin t e ime t r l  t. Su rscript  t
i ot su fl us inc i wil ssist us in o eling v ri ty f ituation
ith fi d for a is . will be modeled in this pa r, some ov rhead
co o e a pear o ly o c pe f ame w ile o hers ar r pe ted ev y T I.
T proc ed fur h w h LTE capacity es i tio i is conv ni nt o con-
id r t n t ll the bit ar us d to tr nsp rt u r d ta but al o to det c
rr rs for ins a c , Cy c R u da cy Ch ck CRC) bits). The u er d ta
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F OFDMA-based twork, su h as LTE, he av ilabl m dels can be
seen in two m jor categories. The ow r-control based od ls study he
bin io f the syste c figuration and t servic rea as a functi n of
SINR distribution [14]. Th r t -co trol based mod s focus on t c mbi-
n ti n of the syste c nfig r io d h dat -ra pr vision s a unc ion
f th lo d tri tion [15]. The p rf rmance mo l is hen the ptimize
s lu ion o r vide e de and d data-rat n t rget rea, b l w th best
a ching sys m configura i n.
Cons i g th requirem nt of h ra e ( o d) based odel to have an
r r for e ch ell’s c pacity, i this wo k w pr sent a mathe at-
ical h dol gy o calc la e h dat - ate pr ision f ulti-us r scenarios
fo ac cell with fl xible syste c nfigura i pa meters.
3. Probl m St e nt
As m n i d, th purp s of is w rk to pro ose a m tho logy and
algorithm cc at l stim t th DL th o ghput or c pacity (C [ it/s])
of LTE sys e in re lis ic scen r s that consi rs th d g ada i n tha the
di↵ere t overh ad mech isms ro u .
In i iv ly, us r th o ghp i crease wi h he mb r f u efu RE dur-
n iv tim i v l of int rest. Th s ime interval  t ca be it er 1
TTI or 1 frame, dep ndin on the pr ble at h d ( umber of users, file
siz t b download by y us , tc.). In is pap we will lab l he total
umb r of s f l REs (tha i th s f r user at ) d ring a tim in rval  t
by us ng t e ota i n:
B n wid h, BW (MHz)
  T IR , (%) =
OFrameE,
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tR , T, (1)
wher A tRE, T O tRE, T represe t, respect vely, t e al numb r of v il-
bl (all) d v head RE within th time i t rv l  t. Supersc ipt  t
is not supe flu us ince it will assist us in m deling a variety of si u tion
wi a nified f a ism. As will be od led in this pap r, so e v he d
c mpon ts ppear o ly once pe frame whil others are r peated every TTI.
To roc e fu ther with LTE c pacity estimation it is conv nient to con-
si r ha n t ll he bi re u ed trans o t se ata but al o to de ect
5
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Figu 5: Overh d p rce g (%), with es ct to  tRE, T, a a func ion of BW. Squ red
symbols r pr ts  OFraRE, T(%)   TTIRE, (%).
 O IE, (%) = O
Fram
RE, T
AFr eRE, T
⇥ 100
6.2. S nsi i y of h d on DCI l n th LDCI
A fu c n f BW...
6.3. I flue c f Ng “PHI H Group S l ng Fac or”
s a f ncti n of B ...
6.4. Sc n rio 1: s r. LT Max m m DL Da a-ra
h the ystem is configured with its igh st par m rs and ll the
ilab ourc s a e assig d to s ngle UE which i n the be t r ception
cond tions, h ta-r te o i n c b ex ec d. An accur te
v rh a al l t ons t at s u o ized with the system configurat on, ro-
vide u with the xa t mount of usef l r s urces t at can b as ign d for
d a-t n missi n.
C i eri g th aximum servic p ovisio capabilitie f LTE, for max
d ta-ra e cal ul ti n, th following sys em configur tion s all be applied:
• T h ghes BW of 20 MHz (NRB = 100 and P = 4)
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igur 6: v r a p cen ge (%), with re ect A tRE, T, as a funct n f B . Squa d
o r pr e t  OFrameRE, T( O I, ). OTTITOTAL =  O IPCFICH +  OTTIPHICH +
 O IPDCCH + TTIRS
 OTTIRE, T(%) = O
Fr me
RE, T
AFr eRE, T
⇥ 10
6 2. S it v y of ov r ad on DCI leng h LDCI
As fu i f BW...
26
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based ne work, such as LTE, the available m dels c be
s e i two m jor a egories. The owe control b sed odel study the
c m i ation of he system onfiguration a d the service ar a a a function of
SINR istribu ion [14]. The rate-con rol b sed mod l focu on the combi-
n tion of t te c fig ration and the data-rate pr vision as a functi
of the load d stributi n [15]. The p rf rma ce mod l is then the ptimized
s lu io to prov e t de a ded dat - t in t et area, belo the best
t hi g s e configur tio .
Con id ri g th r qu remen f he r (l d) b model o h ve
curat ea ure f r each ce l’s capacity, in this wo k w es a mat t-
ic l methodol gy c lcula e the dat -ra e r isi n for ulti-u r sce ri
for c cell with flex bl system configu t n p r ete .
3. Pr blem S ate nt
As ntio , e p p se of t is rk s to propose e ho ol gy a d
lgorit s t accur ly es e h DL thr ghpu o capacity (C [bit/s])
f LT st s in re li t c c n i s that consider the d gr a i that
di↵eren rh d m h m pro c .
I uitiv ly, us r r ugh ncr with he numb r of seful E du -
i g a giv i e i terv l of inter s . T is ti in er l   a be either 1
TI 1 fra , dep n ng n t robl at h (number f use s, file
z t be ow l d by ny use , tc.). I this pa will bel he total
umb r f ful RE ( i , t ose fo us r data) duri g a ti in erval  t
by usi g e ot io
OFra eRE, T(%) = O
Fr e
RE, T
Fra e
RE, T
⇥ 100
U tRE, T A tRE, T O tRE, T, (1)
wh re A tRE, T n O tRE, T repre n , re p ctively, h to al n be av l-
abl ( l) nd r ead R s wi hi he ime int r l . Su erscri t  
s t upe fluou c i will sis de ng v rie f si a ion
wi ified fo alis . As ill b l d i h s pap , s e verhead
o ent p ear o ly once p r fr e while e are r a ed r TTI.
p c d furth r ith LT ap ci y est i n i s c ve i to con-
sid r t n t l t b ts use t a port se d b t lso to e ec
err s (f r i st c , C li R du anc C eck (CRC) bit ). The ser d a
5
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, s ch as LTE, he vailable models can be
een in wo m jor categories. The pow r-c ntrol based mod l tud e
co binati n of syst co figuratio an the ervic r a as a fu ti of
SINR di tribu ion [14] T ra e-control based m de f s o h co bi-
a ion of s em c nfigu ti n nd the data-rat pro i ion s a fu tion
of e loa dis ribu i n [15]. Th perf r a ce m del is the op i ized
s lu ion t provid th deman d dat -r te in the t g r a, below t e best
ma chi g sys c nfigur t o .
Consid ri t e r qu r n f h rat (l ) b s d odel to av n
accu e me sur f r ach cell’ ca aci y, i is wo k we resent a ath ma -
ic l odology c lcula he a-rate p ovisi f r mul -u r s arios
ach c ll wi fl xible yst configu ati amet rs.
3. Pr l S e nt
s m ti e e pu p s of t i w rk o propo e a thod log and
a gori h s o a l stima e t e DL hr ughp t r c p ty (C [bi /s])
f LTE s s s i r li ic scen r a ons d s the d da that the
di↵ e v r e d h i s o c .
I tu e y, s r throug p t in eas s with th n ber f usef l RE r-
ing giv i t rv l f t r s . h s i in l   c b e her 1
TI r 1 fr m , ep n o e ble at a d ( umb r of sers, fil
size b lo d b a u e , t .). I i pap will l bel he al
nu ber f s ful RE (t i , h for u da ) uring ti e n erval  t
by u ing o o :
 OTTIRE, T(%) = O
Frame
RE,
AFraRE, T
⇥ 100
U RE, = A tRE, T  O E, T, (1)
wher A RE, T a d O tE, T pr s , re p ti ly, th ot l mb r of av il-
bl (all) nd ve h ad RE wi i t im i terval  t. Su er cr  t
is o sup rflu ince it w ll assist u in d li g va iety of sit ati
w h n ifi f lism. A will e m d l n his pap , s e ov r
co p n t pp r ly on e p r f m ile her ar eat d very I.
pr c f r t L E c p c ty es ti n i i onv ni n to c -
si t t t l the bits d to ra sport us r at b l o etec
rr (f t c , Cycli R dun ancy heck (CRC) bit ). e er data
5
!!!!!!!!!!!!!!!!!Si min
F O DMA-b s d n work such s LTE the avail b e o els can be
s en i two ajor c tegor s. Th p w r-co trol based mod ls study he
combina i n f t sy te configurati n the e vice area a a functio of
SINR dis i ion [14]. The r e-c ntrol bas d models focus on he combi-
ation of t sy m configura ion and the a a-r t provisio as fu ction
of e l ad di tr buti [15]. T perfo manc d l i hen he p imiz d
s lu i to r vide th d nded data- i the ta ge a a, bel w t e b st
m ch g sy m onfi .
C sid ri g the r qu r men of the r te (loa ) based model t h v an
cc r e e sur f c cell’s c pacity, n s w rk w pr sent a a emat-
ic et l gy o c lculat the a a-r pr isi n fo m l -us sc narios
for ach cell with fl x ble syste c fig ratio ram e s.
3. Probl Sta e ent
A me ti ned, t urp se f thi w rk is p o o met odol gy and
lgor thms t urate y stim te h DL rough ut or c paci y C [ it/s])
f LTE syst in e listic sce arios th considers th g ad tio t t t
di↵e e t o ead hanis s rod c .
In i ively, u r thr u pu i cre s ith um er of useful RE -
ng giv n tim i rval f i ter st. This m i t rval  t c b e t 1
TTI 1 f am , dep ding o the pro l m a and ( umber f users, fil
ze to d wnl by an se , c.). I this pa r w w ll l b l he to al
ber of s ful RE (th t is, t se f r s r d ta u i g a ime in va  
by sing the n a io :
Bandwid h, BW MHz)
  TTIE, T(%) =
OFraE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, ( )
wh A tRE, T and O RE, T r pr s , sp c iv ly, the ot nu b r f avail-
ble (all) a ove h d RE w t i the int val  t. Su e scrip t
is no sup rfluo i ce it will a si i m deling a v riety f situation
with an unifi d for m. A w l be od l in this p p r, s me overhead
co pone ts p ar l o c per f am hile others ar p ated v ry TTI.
To p oceed fur he ith LT c p c y estimati n is nve ien to n-
s e ha not all t e b ts a e e transp rt us r ta but lso to de ect
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ForOFDMA-basednetwork,schasLE,theavailblemodlsanb
seintwomajrctegories.Thepowr-ontrolbasedodelsstudythe
cobinationfthsystemconfiguionandthesrvicreasafunctionof
SINdistribuion[14].Trat-tolbasedodlsfousonthecombi-
nationfthesystemconfigurationandthdat-rateprovisinfuction
oftheladditributin[15].Theprformacodelishentheptimized
solutiontoprovidetedmanddaa-raithetargearea,belwthebest
machingstemonfigrai.
Considerigthquirntfhra(ld)basedeltohvea
acurteasurforaccll’scapciy,inisworkwepresetamathemat-
icalethdolgytocalculthta-raprovisionfmuli-usrscnarios
forachcelwithflexiblesysemonfiguraioparmeters.
3.ProbleStateme
Asmenioned,purposftiswrkitoproposeameholoynd
lgihmstoaccuratelyestimtetheDLhroughputorcapacity(C[bi/s])
ofLTEsytesinrelisicscenristhatconsidethdgradatiothatthe
i↵rentvereadmechaisproduc.
Iuitivly,usrtrughputincrsewiththumberofusfulREdur-
ingagivntimeintrvalofintere.histimintervl canbeiher1
TIor1frm,dependingtepoleahad(numbeofuers,file
izetobdownloabyyser,etc.).Intispperwewilllbelthetotal
numberfusflREs(hatis,thosfusrdata)duringatiminervl
byusigthaion:
Overhaprcag
ihrspecttoevailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wherA
 t
RE,T
adO
 t
RE,T
rpresen,spectively,thetolnumbrofvail-
ble(ll)adoerhedRswithithimeiterval t.Superscrip t
sntsuperfloussinceitillasstuidlgavarietyofsitution
itnunifidformalim.Asillbemoldinhispaper,someovehead
cmpnsappearlyonceperframewhileothersarerepeteeveryTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemoelscane
seenitwomajratgries.Thepower-conlaseelsstudyhe
cominatinofthesystemconfigurationandtheseicareaafunctionf
SINRdistribuion[14].Therat-controlbasedmdelsfouonthecbi-
nationfthesystconfiguratinadthdata-rteovisionsafunctio
ofthloddistribution[15].Teprformancemodelisthntheoptimized
solutintprovidtheemanddata-rainthtagee,blowthebet
atchingsystecofigurtion.
Consieingtherequirementofthrat(load)bsedmodltohavea
accuratemeasurefoechcel’scapiy,nthswrkwepreseamathem-
icalmthdologyocalculatetheaa-ateprovisionformulti-userscenarios
frachcellithflexibleysteconfigurtinaaeters.
3.ProblemStateen
Asmentioned,thepurpseofthisworkisoprpoeethodoogyand
lgorithstaccuratlyestmateDLthroughptorcapacity(C[bit/s])
oLTEsystemsirealisticscenristhatconsidrthdegradtionhatthe
di↵entoverheadmecanismsproduce.
Intuiively,userhroughputicreasswththnuberofuflREdu-
ingagiventimeitevlofinteret.histieierval tcanbeithr1
TTIr1fame,dependingontproblmathand(numrofusrs,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabeltheotal
umberofsefulREs(thatis,thosforserdata)duringatiminerval t
bysinghenottin:
Overhapercentge
(witrespectotheavilbleREs)
,BW(MHz)
O
TTI
RE,T
(%)=
O
Fame
RE,T
A
Fme
RE,T
⇥100
U
 t
R,T
=A
 t
E,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
aO
 t
RE,T
reprsent,resptivly,thetalnumberofvail-
able(all)andoverheadRswithinthtiinterval t.Suprscrit t
isntsuperfluoussiiillassisusinmodelingavaetyofsitio
withanunfiedformalism.Aswillbemodeldinthipaper,smeoverhead
coponentsapparonlyocepeframewhileothersarrepeaedeveryTTI.
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Fo OFDMA-b ed network, such as LTE, the av il ble odel c n be
e n t ajor cat g ries. h p w r-c trol b s odels st dy t
co ina io of he sys m co figur on a t s rvice a ea as function of
SINR dis rib tio [14]. T r -c r l b s ls f cus n c mbi-
i f h ystem figu n t e a-r te rovisio as fu tion
f h l dist ibut n [15]. Th p rf r c l is t th o timized
lu i n vide th ma d d ta-r h arg t ar a, bel w th b st
ma h g sys co fig r i n.
C nsi ri g th q e of th r t (l ) e m d l to v n
urat m s r r ll’s cap city, i is work e pr s mathe t-
i al m dology t c lcu t d t - a p vi i n f r multi- s r sc a i
fo c c ll w th fl x bl sy m configur ti p ra t s.
3. P l tat t
As me t o , t rp s this k s o p op se a me h d logy d
lgor thms accura ly t e DL oughpu r c paci (C [b / ])
of L n r l s ic ce arios hat c s d rs e d g d ion a t e
di↵ r t verh d ech i s p o uc .
Int i iv y, us r ro gh increas w t he ber of sef l d r-
i g i t rval of i r t. T i ti e nt rval  t c b ei h r 1
TI r 1 f me, p g he pr bl at ha d ( mb of u rs, fil
siz o nload by u er, e c.). I his p r w will label the tot l
r f u ful s (th t is, ho fo s d t ) dur g a im in rv l
by usi g th t ti n:
OFr eRE, T(%) = O
rame
RE, T
Fra
RE, T
⇥ 100
U R , T = A tRE,     , , (1)
e A RE, an O RE, T s n , r pec ively, the t l umber of avail-
bl ( ll) ov h d REs wi hi t e ime interval  t. Supers ript  t
i o up rfluo s it w l s u in m del g vari ty of s at on
with u ified fo a i . As will be modeled in thi p r, me verhead
co nts p ar o ly once per fra while oth rs are r peate every TTI.
T proc d fur h with LTE cap ci y estimation i is convenient to con-
id t ot all h b ts re sed r nspo t us r d ta but also to tect
r rs (for i ta c , Cy lic ed dancy Ch ck (CRC) bits). T e user data
5
!!!!!!!!!!!!!!!!!Si i
F r OFDMA-b s d et rk, su h as L E, h vail ble o el can b
i tw ajor ca g ri Th er- t ol ba e odel study th
bin i of t e sys e o figur ti n th s rvi re as f c ion f
SINR d ib i n [14]. Th r t -c ntr l b ls f cu n th mb -
a i f ys nfig ra i a -r te p ov si n a a functi n
t l dis ri i n [15]. erf r c el i th t p iz
s lu p v de the d - te the t g a ea, b low th b st
ma hi g sys c fi ura i .
Co si i g q i e f t ( ) b d l a a
a cu te me sur f ea h c ll’s cap i y, i t s w k w p a m the -
i a et l gy t c l ula h d a- p visio f r ulti-user c nari s
f r e ch c l w th flexib sys em c nfig r tion param r .
3. Pro l S t m
A i d, th rpos f th k is propo m h do g a d
al rith cc rat ly st t DL ro g u r ap i y (C [bit/s])
f LT yst in r li i sc r s a si rs h g ada n t the
di↵er v r a c a i s pro c .
In iv ly, s r ughp t i re s th numbe f usef l RE du -
i g iv i i val f int r t. This i int val t can b e th r 1
T I r 1 fr , de e di g on th pr l t h d (n mber of users, fil
siz d l d y s r, c.). I t i p r e will l bel th t t l
nu b of us ful E t i , t ose f r us r d t ) d i tim nterv l  
y ing th t tio :
 OTTIRE, T(%) = O
Fr me
RE, T
AFraE, T
⇥ 100
U tRE, T =  tRE,  O tRE, T, (1)
w re  tE, T d O tRE, T r s t r s c ively, total u ber f v il-
bl ( ll) an v r ad REs within h ti e int rval  t Supers ri t  t
i no s rfl n it will assis us in mod ling v riety f situati n
wi h a unifi d form l s . A will e modeled in thi p er, some o erhead
co onents appe only o c per fr whil oth rs re re ed v y TTI.
To pr c fu th r with L E pac ty esti tion it is c nv nien to con-
sid r th not ll he bits a us d t tra port user d a but als to detect
errors (fo ins ance, Cycl c Redund ncy Ch ck (CRC) bi s). he s r d a
5
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F r OFDMA- as d tw rk, su h s L , t e v il ble m ls can be
s n i m jor c g r . he wer- on r l b e models study h
c bin i n f th sys em c nfigu and t servic as a fu ion o
SINR i r bution [14]. The t -contr l sed de s f cus o th co bi-
i f sys em nfigur t on a d h dat -rate provision s a functi
f th l d s ribu io [15]. T perf a ce model is then h optimize
sol tio provide e ma d d a- at i he t t ar a, b low best
a chi g syst m o figura on
C si ering th r q r of the r ( oad) b s o have n
c r e m su e f r each cell’s capa ity, is w rk w s nt at e a -
c l me hod logy t alc late he d -r e pr v sion f r m ti-use c ri s
f ch cell wi h flexi e syst m o fig ra p ra ters.
3. Probl S at t
As enti ne , th pu po e of is w rk i t po e a m thod log
lgor t s o accur t ly s ima e t DL throughput ap ci y (C [ it/s])
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ForOFDMA-basednetwork,sucsLTE,thavailablemodelscanbe
snintwoajrcegori.Thowe-cotrolbaseoelsstudythe
combiationofthsysmconfiguratinandheserviceraasafunctionof
SINRdistrib[14].Terate-controlbasedmodelsfocusonhecombi-
nationoftsystemconfiguraionndthedaa-ratprovisionasafunction
ofthloaddisribution[15].Theperfmacemodelisthntheotiized
solutiotoprvidetheeandeddta-rateinhetrgtare,belowbest
mtchingsystmcofiuration.
Cnsiderigtherequiremetofthrate(load)basedmodelthavean
accuratemeasrforeachcell’scapacity,inthisworkwepresentamathemat-
icalthodologytocalculatthedaa-raeprovisionfrmulti-userscnrios
freachcllwithflexiblsystecofigurtionparameters.
3.PrblmStatmet
Aentined,thepurposeofthisworkisopropseamethodologyan
lgrithtaccratelyiatthDLthoghputrcapacity(C[bit/s])
fLTEsystmsirealiticscenaioshtconsidersthdegradatiotath
d↵eretoverheadmechansspuc.
Intuitively,srthroughutincraseswitthenumbrofusefulREdur-
ingagiventiinteralfintrt.Thtmintrval tcnbeither1
TIorfrae,epedigonprbleathand(numberofuses,file
siztobedwlodbyayser,tc.).Ithispperwewilllabeltttal
nueofusfulRs(thatis,tosforurata)duringaimeinterval t
byusingthotatin:
Overhadpercentage
wihrespcttotheavilablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fe
RET
A
Frame
R,T
⇥100
U
 t
RE,
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
dO
t
RE,T
represnt,rsectively,thotalnberofvail-
ble(ll)anoheaREwintheimintrval t.Sprscript t
sotsupefluousicitwillassistuimdelngavrieyftation
witifiefalis.Allbeolditispp,moverd
coonappaolyncerframwhileotrsrerepaedeveyTTI.
5
!!!!!!!!!!!!!!!!!Siomina
FoOFDMA-basedntwork,suchasLTE,teavailablmodelscanbe
seenintwomajrcategoies.Thepower-controlbasedmodelsstudythe
cobinationoftesystmconfigurationandtheserviceareaasaunctionof
SINRditribution[14].hr-controbasdmodelsfocusonthecombi-
naonofthesystmofigraionandhedata-raeprovisionsafuction
oftheloddistribution[15].Thperformancmodelisthentheoptimized
solutiontoprvidethedmndeddata-rateinthtrgetrea,belwthebest
matchingsystmconfiguration.
Consideritherequirementofthete(load)basedmodeltohavan
accuratemeasureforeachcell’capcity,inthisworkwepesentmathemt-
icalmthodologytocalculatthdata-raprovisionformulti-userscerios
foracllwithflexiblsystmcofiguraionparameters.
3.ProblStatment
Asmenoned,thepurposetiswokoprposemethodologyn
lgorimstaccuatlystimethDLthroughputorcaciy(C[bit/])
ofLTEsystmsinrealisticscenaisttcnsidrsthdgradationttthe
di↵eretoverheamecansmsprodce.
Ituitivly,userthrogptincreseswiththenumberofusefulREdur-
inggiventimeintervalofinterest.Thisieintervl tcanbeeither1
TTIor1fram,dependinotheproblehand(numbrofusrs,file
izetbedownloadbyanyusr,etc.).Ihispperwwilllabelthetotal
umberofuseflREs(his,thoseforusdta)duringatimeinterval t
byusingthentatin:
Overhedpercnag
(withrespecttothavlableREs)
,BW(MH
 O
TTI
RE,T
(%=
O
Frame
RE,T
A
Frame
E,T
0
U
 t
E,T
=A
 
RE,T
O
 t
RE,T
,(1)
whereA
 t
E,T
adO
 t
RE,T
reprset,rspectively,thettalnumbrofavail-
able(all)andveheadREswititetimieval t.Superscript t
isnotsuperfluussicitillasisusinlngavarietyfsituation
withaunifidformals.swillbemodeldntispapr,soverhead
coponetspparnlyoncepeframwhileoersarrepeatderyTTI.
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Figur 5: Ov r ad p rce tag (% , i r spe o A RE T, a a func i n f B . Sq r d
sy b s r p esent  OFr mRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AF ameR , T
⇥ 100
6.2 S n itivity f ov rh ad on DCI lengt LDCI
As a fu c i n of BW...
6.3. I flue c of g “PHICH G u Sc l ng F ct r”
As a functi n of BW...
6.4. cena io : single us r. L E Maximum DL Data-r te
When t syst m is configu ed with its high st pa ameters and all t e
vailabl r s rces are assi ned to a i gl U wh ch is in t e best r ce tio
co diti s, t highest data-rate provision c n be expect d. An accurate
ov head calcula ions tha i customized with the system configuration, pro-
vid us with the exact unt of useful resources that ca be a signed for
data-transm ssion.
Consid i g t e maximum s rvice p ovision capabil ies of LTE, for ax
data-rat calculat n, t following system c fig ration shall be pplied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I fl c n e c o n s a u i f B
For 1.4 is 31%. S s 91%...
r 20 Hz 6%. RS is 46%. .
10#
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!!!!!!!!!!!!!!!!!S ina
F r OFDMA-ba d n tw k, such s LTE, av ilabl o els c be
s e i maj r c go i . Th p w -co tr b se od l s u y he
o bin o f h y tem c nfigur n t e servi ea a f n i n of
SINR istr [ 4] rat - tro b s d od s focus n the co b -
n i n of sys m c fi a i a d he da a-ra rovi ion a a func i n
of l d s b t o [15]. T p rforma c mod l i th p miz d
lu i n p ov d the d e d a-r i th t rg t are , b l w he b s
a c g sys co fi u .
C id i g t e req ir me f th (l d) b se l o av an
c ur te sur f r ch ell’ c ty, i i w k r se t a m -
l o gy to alc l e data- t ovi i for ult -us r s en ios
for ea l wi flexibl e fi u par e rs.
3. P bl St
As i e , t e p p s o th s ork is o p p o ol gy and
lgori hms ura ely e DL hroughp or capaci (C [b / ])
of L yst m i e li t c c na ios at c n id rs t e d ad ti n at the
i↵ ve d ch is s pro uc .
I i l , us t ough i a s h t e umbe of sef l RE r-
g gi n i in val of i er st. i i e i t r l   c n b eith r 1
T I 1 fram , p n he robl m t nd ( mber f s s, fil
z b nl d by any , c.). In th s p r we will bel he t al
m f eful E (t i , se for us d t ) uri g tim in e v l t
by i g t i n:
 OF a eRE, T(%) = O
Fra
RE, T
Fram
RE, T
⇥ 100
U tRE, T = A tRE, T    RE, T, (1)
w e A tRE, T a O tRE, T r pr s n , e pec iv ly, h t l n mber of v il-
bl ( ll) ove he d REs within he ti interval   . S p script  t
i up rfl o inc i ll as is u in d li g vari ty f situ t on
wit n fi d for alism. A will be deled i this p r, s m v rhead
co o ts ppe r nly o c p r fra whil oth rs ar repea ed v ry TTI.
T proc d fur he with L capaci st a on i is co venient to con-
side hat not ll the bi are used o tra s o t us r at ut al o to det ct
r s (for ins a , clic Redundancy he k (CRC) bits). The us r da a
5
!!!!!!!!!!!!!!!!!Sio n
F OFDMA-b s d etwork, such s LTE, th v ilabl m dels can
see n t j r o ie . T powe -c ntr l b s l tudy t e
c b n f t s o fi u i nd t se vi e re s a fu cti of
SIN di r u i [14]. T e -contr l b d o s f cu on th mbi-
a i f e sy config ati n n -rat ovi ion c on
of l ad i r bu io [15]. T p fo c d l is t n e opti ized
lu i t provi h d -ra i rg r a bel w the best
ma chi g syst config at o .
C sid g h q i of h at (lo d) odel av an
ccu a e m f r c l’s ca acity, i this w rk w p e e t a a -
al t l gy t c l l e a a- a p vis n f u t er sc ari
for ch ell wi fl xibl s t figu a io r ters.
. P obl S n
As i n d, t e pu po e t i k is o p op hodo ogy nd
lgo ithm t c r ly i th DL ghp t r p ty (C [bi /s])
L y s in ali ic c ri s o sid s th d gr dati n e
di↵ r o r i r e.
I ti ly, u r hr u put n re s i t umbe f usefu E dur-
g a g v n ti in val f in . his i e ter be ith 1
T I o 1 fr m de ndi g o th p o l m at a d ( ber of us s, fi e
siz t b d l by n se c.). I t i pap we will la l the otal
u b r of us ful s ( h t is, ose for use data) uring t m interval  t
y si g th a io :
 OT IRE, (%) = O
ra
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A RE, T  ORE, T, (1)
whe e A tRE, O RE, T r e , p c ively, t t l u ber of vai -
ble ( ll) d v h R s i h h ime in erval  t. S rscript  t
is ot s rfl o s si it w ll ssis u in o eling vari y of si uation
wit u ifi d fo m lis . As will be m d led in this paper, som overhead
c p n ts appea o ly once p r fr e wh le oth rs a re e ed very T I.
T proc ed furth r with L E c pa i y timation i s c nv ie to con-
sider tha n ll th bi are us o tra r us r d t but als to det t
e r rs for insta ce, Cyclic Redundancy Check (CRC) bit ). user data
5
!!!!!!!!!!!!!!!!!Si mi a
For OFDMA-bas netw k, s c as LTE, h avail bl m ls can b
i wo aj r categori . he p w r co t ol ba e mod ls st dy
bi ati n f h syst configurat on nd h servic s fun ti of
SIN ist ibutio [14]. T t -con ol b sed mo s f us o h combi-
n ti f he s m c nfigur i n nd the da -rat p vi ion as a fun t on
of t e l d ibution [15]. Th pe f r a od l s the t opti iz
solu ion r v d t dema d d a-rate n he g re , b l b st
ch ng sys em config ra io .
Co si in th r quire ent of th ( oad) b sed l to have an
c r t as re f r a l’ p c ty, i thi w k we present a m t e t-
l m t odology c ul h d t -ra pro isi n for multi-us s enari s
f e c ll w th fl xible ystem fi ur p ame rs.
3. Probl S at ent
As e tion , th pu po e f this w k opo a me o log an
alg ri h s ccu t l estim e DL ro g put or p ci y (C [ it/ ])
f LTE y i ali ti s os a c s d r e d gradatio that the
di↵ r v r ad e h i p odu .
I tuitively, s r throug pu ncr se wi h t e numbe of useful RE d r-
i g a g v n time nterval of int r s . This tim interv l can eith r 1
I frame, d i n th probl m (n mb r f us r , fil
siz to b dow l ad by ny u er, e c.). I t is p p r w will l el th t t l
u b r f useful REs (that is, th f r us r d duri g a time i t rval  t
by us ng a io :
Ba dwi h, BW (MHz)
 OTTIRE, (%) = O
Fr m
E, T
AFrameRE, T
⇥ 100
U tRE, T A tRE, T  O tR , T, (1)
wh A tRE, T O tRE, T r p s n , r tiv ly, t to l umber of avail-
able (all) n over ad REs within the time int al  t. Sup rscript  t
is t sup fluo s si e it will s ist us i m deling a vari ty of situation
h n unifie fo malism. s will be odeled i this paper, s me ov rhea
compon nt ppear only onc pe fra e while others are repeate e ery TTI.
pr ce d fu t r w th L E c pacity ti ation it is co v nient o con-
si er that n t ll th bit are used to tr spor user d a but lso o detec
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!!!!!!!!!!!!!!!!!Simin
ForOFDMA-basedework,suchLTE,theavailablemodelscanbe
seenintwojrategories.Thower-controlbasedodelsstudythe
cmbinatinfthesystmcofigationandheicersafunctionof
SINRdistribution[14].Therae-controlbasedodelsfocusonthecombi-
nationofthesystemconfiguraionandthedata-rateprovisionasafunction
oftheloadistribution[15].Theperfomancmodlisthentheoptiized
solutiotoprvidethedemandedt-rateithtargetarea,belowtest
mathingystecofigurtion.
Consderigtherequirmefthrate(load)basedmodeltohavean
accurateasureforeachcell’scapcity,inthisworkwepresentamathemat-
icathoolgytocalculatethedata-ratprovisionformulti-userscenarios
foreachcelihflxblsystecofigurtionparmetrs.
3.PoblemStatement
Aseined,tpurposofthiswokisopropseamethodolgyand
lortmstacctlyestimatheDLtroughptorcapaciy(C[bit/s])
ofLTsystesirealisticscenariosthatconsidersthdegradatiothtthe
di↵eetoverheadechanismsprouce.
Inuitvl,ethrughutincreaseswtthenmberofuefuREdur-
iggiventietervalofinteret.Thistimenterval cnbither1
TIo1frame,depeningntheprblemathand(nuberofusrs,file
iztedwnlobyser,etc.).Inthispperwewilllabelthetotal
uerfefRs(tais,tsforuserdata)durigatimeinterval t
byusgtotation:
Overhadpecetage
withresptthvailblREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
were
 t
RE,T
O
 t
RE,T
rprent,rspeciely,httlnbrofavail-
bl(ll)nderhaRswihinthetieinerval .Surscript t
iosupefluussieitwillassistinelngvarietyofsituation
wianuifiedfalism.Awllbmdeedinthisppr,smoveread
coptsapparolycperfrawilhersrerpeteeveyTTI.
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ForOFDMA-basednetwork,suchasLTE,theavailabemoelscanbe
seenintwmajorcategories.Thepower-cotrolbadmoelsstdyth
combinatifthesystemconfiguationandtheserviareaasafunctionof
SINRdistribution[14].Thert-controlbasedmodelsfocusonthecombi-
ntionofthesystemconfigurationandtheta-ratprovisionasafunction
ofeloadisributon[15].Theprfrmancmodelisthenheoptimized
solutionpovidethedmandeddata-rteinthtargetarea,belowthebest
matchingsystmconfigurai.
Considerintheequirmenftherte(load)badmodeltohavan
ccuratmeasureforeachcell’scpcity,inthiswkweprentamathemt-
ilmehodologytocalcultthedat-rteprovisionfrmlti-usercerios
forachcellwithflexiblesystemcofigurationarmts.
3.PrbleStatent
Amentioned,thpurposeofisworkisprpsmthodolgyd
algoristoaccuralsiaethDLthoghputorcapaciy(C[bit/])
ofLTEsystmsinrelisticscenariosthatondersthdegradationthatthe
di↵eenoverheadmecnismsproduc.
Intuitivly,userhroughptcreseswiththenumberofusfulREdur-
igivetimeinervalfinteest.Thistieintervalcanbeeithe1
TIor1fame,dpendingothepoblemthand(numerofusers,file
sizetobdownloadbyanyr,c.).Inthispaprwwilllablthetotl
uberofusfulEs(thais,tsefruseda)durigatimeintvl t
byuingthnotion:
Overeadperentage
(withrespecttothavilabREs)
,BW(MHz)
 O
TI
RE,
(%)=
O
Frame
RE,T
A
Frame
E,
⇥100
U
 t
RE,T
=A
 t
E,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
ndO
 t
RE,T
repreent,spectively,thtotlumberofavail-
abe(all)andverhadREwitinthetimeinrl t.Supesript t
isntsuperfluoussincitillssistsinodelingavaietyofsituatin
wthanunifiedfomalism.swillbedldinthispper,someovrhead
compoentsaperonlyonceprfamewhleothrsrrepatdeverTTI.
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F gur 5: Ov r ead perc tage (%), wi h respec to  tRE, T, as a fun ti of BW. Squar d
sy b s repr sents  OFrameRE, (%)  OTTIRE, %).
 OT IRE, (% = O
Fra e
RE, T
AF ameRE, T
⇥ 100
6.2. S s tivity f verh d on DCI length DCI
As fu ti n o BW...
6.3. Influ c f g “PHICH Group S li g F ctor”
As a function of BW...
6.4 c n i 1: ingle user. LTE Maximum DL Data-r te
When he ystem is configured with its hig s par meters and all e
vai b r s urces ar assign d to a si gle UE wh ch is in e best reception
co itio s, highest d ta-rate provision can be expected. An accurate
v head alculat ns that is ust ized with the syst m c nfigur tion, p o-
ides us wi he exact amo nt of useful r s urc s that c be assigned for
data-transm ssion.
Consid ring th maximum ervice provision capabilities of LTE, for ax
data-rate calculation, the following system c figuration hall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figu e 6: Ov r a p rc ta e (%), w t r sp ct t A RE, T, s a f nctio f BW. Squar d
symbo s repr e ts  OFrameRE, ( I, ). OTTITOTAL =  OTTIPCFICH +   TTIPHICH +
 OTTIPDCCH + OT IRS
 OTTIRE, T(%) = O
Frame
RE, T
AF ameRE, T
⇥ 100
6.2. S nsitivity f verh ad on DCI l g h LDCI
As a unc ion of BW...
26
6.1. I flu n ach c p t fu c f BW
F 1.4 s 31%. RS i 91%. .
Fo 20 MHz i 16%. RS is 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such a LTE, the available models can be
seen in two major categories. The power-cont ol based models study the
combin tion of the sys em configuration and the servi area as a function of
SINR di tribution [14]. The rate-control based models focus on the combi-
nation f the system c nfiguration and h data-rat provision as a function
of th l d is r bution [15]. The performance odel is then the optimized
solution to provide the de a ded data-rate in th targe a ea, elow the best
mat hing system configuration.
Considering the requir en of th rate (lo d) e el to have an
accur e m asur for e ch ell’s capac ty, n thi work we pr sen a mathem t-
ica e ol gy calculate the data-r te provisio for multi-user sc arios
fo ach cell wit flexible y tem c figur ti n parameters.
3. Probl St t
s e ti ed, he urp se f his w k is o propos eth dol gy and
g it s o cu at s i a e e DL throu hpu r c ci y (C [bit/s])
of LTE sys ms i realis ic s en rios t at co siders he degradati n that the
di↵ re t ov r e d m cha i pro uc .
I iv ly, u er t rou put incre ses with the number of useful RE dur-
i giv in val of i ter st. Thi i interval   an b it er 1
I 1 a , pe di g o the pro lem at h nd ( r of us , file
z t wnlo d by n us r, tc.). I his p p r w will l bel t t al
b r f us f l REs ( ha is, o for u r da a) during t m int rval  t
sin no a i :
Fr
RE, (%) =
OFra eRE, T
AF meRE, T
⇥ 100
U R , T = A tRE,  O tRE, T, (1)
w r A tRE, d O tRE, T epres t, res cti ely, t l um er of avail-
l ( ll) ve d R s withi ti in e v l  t. Su ersc ipt  t
is u rfluo s ince it w l assi in od li g v ri ty f si u tio
h ifi d f rm li . As wi l b m l d in is p p r, s over a
p nt ppe o ly per fr m whil o s ar re a e very TTI.
c d rther wi h L E c acity es i ati n t is convenient to co -
sid r t o ll he i us d o t a spor use d t ut lso to detect
er rs (f r i ce, Cy ic du cy Ch ck (CRC) bi ). The user d ta
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For OFDMA-based network, such a LTE, the available models can be
s e in wo aj r cat gor e . The pow r-c t ol based models study the
combination f the syst m configurati and the servic area a a func i n of
SINR d st ibu ion [14]. Th rate-control based odels focus n the combi-
nation of the system configur tion a d the da a-rat provision as a function
of he load distribution [15]. he performance odel is then t op i ize
solu io p ovide th de a d d dat -r te in th targ t rea, below t best
tc ing yst m c nfigur tion.
Co sid ring he equir m n f h rate (l d) ba ed mod l t have a
cc r e r f e h c ll’ capac ty, in his work w pr s t math mat-
i al h dol gy calc l t t e data-r e pr vi i for ulti- ser sce arios
ch c ll w t fl x ble system co figur ti n p ame rs.
3. Pr l m S m nt
A men i ed, th pu pos f this work is to propo e me hodology and
al orith s to ac ur el es ima e th DL ughput r c paci y (C [bit/s]
of LTE ys n alis ic s e r s that cons d s t gra tio th t
di↵ ren verhead mech is s p u e.
I tuitively, e t r g t incre ses with the nu ber f usef l RE dur-
gi im i v l f int t. Th time int rval   an b ither 1
T I 1 fr , e d g he pro at hand ( umbe f s rs, file
ize b l b a y u , et .). I th s p p r we will lab l th t tal
b r of us f l Es ( t s, h for use data) urin i e in erval  t
usi g th o ti n:
OTTIRE, T(%) = O
Fra
RE, T
AFraRE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
h r A t , T d O tRE, T e s nt, e p ively e to l nu ber of avail-
bl ( ll d verh REs with th time i erval  t. Sup script  t
i not u fl ou i c i w l sis us i m deling vari ty of it ation
wit u fi for alis . As wi l be model i hi paper, s me ov ad
om s pp a ly ce r fr wh l o h rs re r peated v y TTI.
To c d f r i LTE c p i y sti i is c v nie o con-
r h t ll bi r u to t po t s r dat ut ls o d tect
err (f st c , Cyclic e nd ncy Check (CRC) bits). The s r data
5
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F r OFDMA-bas d twork, suc as LTE, the available models can be
se n i two aj r at g i s. Th ow r-c nt l bas d m dels tudy he
bin tion f th system c figura i n and the servi re as a fu tion of
SINR d st ibut [ 4]. The r e-c ntrol base models focus on the combi-
atio of th sy em configuration nd th a a-ra pr v sion as a function
of t e lo d distribu ion [15]. h per r nce model is th n the optimize
s lu ion to p ovide th dema ded t -r t in the targ t area, below h b st
atching ystem configurati .
C nsid ri g he require e f the a e ( o d) bas d model o v n
accurat asur for ach cell’ capa ity in t is work we p es t a mathemat-
c l m th dology to alculat the d t -ra r ion fo multi-user scenarios
f r eac ell wi h flexibl y tem co figurati par m t rs.
3. P o l m St t m
As me tio ed, the purpo e of this work is to pr o a methodology and
alg rit s t ccu at y sti te the DL th ug pu r capacity (C [ t/s])
f LTE sy e s in ali tic s e ios tha o si rs degradation that the
di↵e ent ove h ad m cha i s p odu e
I tuit e y, user t o gh u incre ses wit t nu ber of useful RE ur-
ing ive time t v l of i ere t. This tim int rv l   c n be ei er 1
TI 1 fr m , d pending n th pr ble nd (n ber of users, file
iz b ow l a b a y us r, c.). I this paper will label t to al
um er of u eful RE (t at is, h for ser ata) d ring a time t val  t
y us g th o tion:
dwidt , BW (MHz)
 OTTIE, T( ) = O
Fra e
E, T
AFr meRE, T
⇥ 100
U tRE, T = A RE, T  O RE, T, (1)
whe A tRE, T and O tE, T r presen , respecti ly, he tot l number f av l-
ble (all) d verh d RE wi hin the ti e i t r al  t. Superscript  t
i o p rflu u si i ill assist s i o li g a variety of situ tion
wi n ifi f r li . As ll b o el d thi pap r, s m overhe d
o one ppe r only once p r frame w ile he r repe ted very TTI.
T p oc ed fur h w h L E cap ci y im i it is con e ient to con-
side ha t ll he it a e use tran p rt er dat but also to d tect
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FrOFDMA-basdntwrk,schsLE,theavailbleodelscn
senitwoajorcatgories.epwr-otrolbmodlsuyte
cbitinofhesystconfigurtdtrvicreasafuctionof
SINdisribui[14].Therat-ctrolbaedodelsfocscbi-
aonofhesystecnfiguationndta-provisonsafution
ofthloaditribio[15].Teperfrmaceodlithehptimiz
slutioopvietheandddt-reithtagearea,belwhb
atchingsystfigrti.
Coidigthrquntofhert(lod)bsedmodlovean
ccuratasuefrccll’capciy,inthiswrkweresnammt-
alehodlgtcalcedta-rteprovisionfrmulti-usercenaris
feccllwithflxblyemcnfigutionprars.
3PlmStt
Asmnie,thpuofthisorkisproposaetologyand
lgoritmtacurelyetiateeDLthrughputorcapacity(C[bit/s])
ofLEsyssinreisiscnrosthtcosdrshedgrtionath
di↵reoeedchaisrodue.
Ituiivly,usthroughputicreaseswihtnurofusfulREdu-
ingaivtieirvalofines.Thitieinterval caneeithe1
Ir1fa,dpendngnhproblethand(nuberofsrs,file
iztobeowladbyyser,c.).Inispperwwlllabelthetal
nmberfuefulEs(thi,oefsdta)duringtimitrvl 
bysingtnoati:
Overheadprage
witrspettvailbleREs
,BW(MHz)
 O
TI
RE,
(%=
O
Frame
RE,T
A
Frame
RE,T
⇥00
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
heA
 t
RE,T
ndO
 t
RE,T
represn,respeivly,ttolumberfavail-
bl(ll)ndorheadREswithitetimeinerval t.Surscript t
osupefluceitwillassistuimodelgavatofsitutin
withnunifiedfrmlism.Aswillbmdledintispper,someovrhad
cpontsaprlynprfmwhileothersrerpeateveryTI.
5
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ForOFDMA-bsednetork,sucsLTE,theavailablmodlscabe
seeninomjrcategoi.Thepower-controlbsedmodelsstudyth
combnatonofhsystcfigurationadhservicaasafunctioof
SINRdiribtin[14].Therte-ctlbaeodlsfcusoncobi-
nationoftesysteconfigurationdthedata-rtrvisionafunctin
ofthloaistributio[15].Theperfrmancmodlistheteoptimized
olutinoprovidethedemandddata-raeinheargtaa,belowtebst
mathingystmcnfigration.
Cnideinghequireenoftherte(load)bsedmodeltohavean
accaemrforeell’scapacity,nthsworkwprsentamatma-
iclmthologytocalcltehedata-rateprovisnformli-userscenarios
foaccellwithfleblsystemconfigurtionpraer.
3.ProblemStatmt
Asenied,thepurposofhisorkistppsemethodologyd
algorimtaccuratelyesiatetheDLthrughputrcpacity(C[bit/s])
fLEsystemsirelsiccenrisatcosidethedgrdationttthe
di↵rnvheadmehanissprduce.
Ititively,urtrughpuicreasswiththenuberofusefuldur-
inggivteinervalfinterest.Thistimeintrval tcabeithr1
TTIor1fram,pedigntepblemthnd(nberofusers,file
sizetobedownladbyanyur,.).Inhispaprwewilllabelthtotl
numberofusefulREs(thais,theforuserdaa)durigatimeintrvl t
byusigthntion:
Overhadprcenage
(wthespectteavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
Frae
RE,
A
Frme
RE,
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
aO
 
RE,T
rest,respectivelytetotaluberofavail-
abl(ll)andoverhedREswithinthetimitervl t.Superscript t
isosuperfluussiciillasssusimodlingaveyofsituation
witanuifiedfrmalis.Asillbeodldintispaper,omeovehad
componsppearonloncerfraewhilotherarrpeaedevryTTI.
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OFDMA-b n twork, uch as LTE, he availabl models can be
s in w j r cat g i s. The power-co ol bas d mod ls study th
co b ti f th sys m c figu tio nd the ser ice are s a function of
SINR s ributi n [14]. Th ra -con rol b sed d ls focus o he combi-
i n f th sy tem onfiguratio nd t dat -rat provision s a function
of h l distrib [15]. Th p rf r a ce mo l is h n the op i iz d
s lut on to pr vi t a e d -rate in the t g rea, l w he bes
m chi g sy o figur i n.
Co ide ng th r q i e e f the e (l ad) bas d l t h ve n
cc te ure for ach c ll’ p cit , in this w k we r se t ath m t-
ic l m olog to c l l at - r visi n f r ulti-us scena ios
f e c ll wi fl xib sy t m co fig ra ion p rame rs.
3. P bl S e n
As n o , th pur se f his o k is o e me dology an
l or ms t c r ly s i at h DL roughput or capac y (C [bit/s])
of L yst s i ali ic ce ar s that consid rs h d gr d i n ha the
i↵ r v rh d mech is pr uce
I i iv ly, u r th gh u nc s w th h umber of useful RE dur-
g iv im i e v l i t r t. This t interval  t c n ei h r 1
TTI r 1 fr , dep ndi g th p obl a d (number of us rs, fil
siz o by y s r, tc.). I this e w will lab l the to l
b f ful E hat is, o e f u er ata) duri g ti nterval  t
b u i g o ion:
 OF ameRE, T = O
Fra
RE, T
Frame
RE, T
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
wh A tRE, a d O tRE, T epre e , r s ively, the total n mb r of av il
b ( ll) d r d E i hi the i e i t rval  t. S perscript  t
i su erflu us ince it will ssist n model ng vari y of ituation
i h un fi fo lis . A ill be mod l i this p p r, som o rhead
c p s ar only c per fr me while are rep ated v y TTI.
T roc ed f r wit LTE c pacity e timation it is convenient to con-
i a all h bit ar used t ransport user data but also to detec
er r (for i nc , Cycli dunda cy Check (CRC) bits). The us r data
5
!!!!!!!!!!!!!!!!!Sio i
For OFDMA-b s d n twork, h as LTE, he av il le od ls can be
s i t jor ca gori s. T owe - ontrol bas d m dels st dy th
ombin n he sy t m onfi u ation and h servic a a as a functi n of
SINR s rib ion [14]. T r t -con r l b s o els focus on th co bi-
io f he y m c nfiguratio d the dat -rate provision as fu ction
f l d di ribu i [15]. T p f r mod is the t optimize
ol i t pr vi t d a d a- te in the g ea, b l w the best
ma i sys em fig r t .
C i ri g h q ir m f e ate (lo b s d el to hav an
acc r fo e ch ell’ c p ci y, n t is w k we pr se a mat mat-
ic l o c c l t d t -r t rovisi n f r ulti- s r sc ios
for c ce l wi fl xi le s s m configu tio parame r .
3. P bl Sta
A n e , t e rpos of t i ork to pr o m dol gy and
l r t ccu at ly estim e th DL hro g t or capa ity (C [bit/ ])
f TE s m l ic sc n i th onsid rs degradation hat t e
↵ e ov rh e i s d .
I i i ly, u e th ug p i cre s s wi h h u ber of u f l RE dur-
g giv ter l i e . T is interval  t can b i her 1
T I r 1 f , d p ing th p le a d (numb r of u rs, fil
z b l y y us , e c.). I t is aper w will l b l the t al
mb u f l REs ( h s, se f us r a ) du time interval  t
b u n tatio :
 OT IRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T A t ,  O RE, T, (1)
h A tRE, T nd O tRE, repr n , r sp c ivel , he total mb r of avail
a le (all) d rh REs w h n th me in erval  t. Superscript  t
i o su rflu u sinc i will assist us i modeling a vari ty of si uation
with a ifi form li . A ill be modeled in his pap r, som ov rhead
t a r ly onc per fr me w il thers a e repea ed v y TTI.
To pr c d f with LTE capacity e tima ion it is co venien to con-
si t a not all h bit are s d o t n p rt us r data but lso to d tect
r rs (f r nst nc , Cycli Redund ncy C eck (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Si mi a
F r OFD A-ba d tw rk, s c as LTE, the v ilab e m dels an be
e i two jor c go . Th wer- on rol base od ls s u y
c mbin i of t ys c nfigu tion n th s rvice r a a func ion of
SINR d tribut on [14]. T r te-c r l b s d odel f cus o th c m i-
ion of t e sys m nfigura o d he dat - at pr vision as a function
he l ad dist ibutio [15]. T e p form nce d l is t en he op i ized
sol on t pr vi the d ma d d a- ate in th t g ar a, b low the b st
a ing syst c figu ti .
Co si ri g req i e f h r t (loa ) b s d model to ave n
cc me u for each cell’s p i y, i this work we present a m them -
ic l thod logy o alc late th ta-ra e p visi fo multi-us r sce arios
f r ac c ll wi h fl xibl sys configu a o par m t rs.
3. P ob St t m
e tio ed, the purpose of this wo k is to ropose a metho ology an
alg ri h t ccurately estimate the DL t ro ghp t or pacity (C [ it/s])
f LTE sys m i listic sce ri t t considers th d radation th t th
↵e e t ov rh me h is pr duc .
In ui iv l , u r t roughp t i c e w he u e of u f l RE d r-
g gi e im i t rval f i t r t. This time nt rval  t ca be i er 1
TTI 1 f , de e ding on th problem ha d ( u ber of users, file
iz o b wnl ad by ny us r, etc.). In thi paper w will l b l h to al
umber of useful REs ( at is, t se f r ser data) duri g a i e interval  t
by us ng th n tatio :
Ban wid h, BW (MHz)
 OTTIRE, T(%) = O
Fram
E, T
AFrameRE, T
⇥ 100
U R , T = A tRE,  O tR , T, (1)
ere A tRE, T nd O RE, T r re ent, pectively, the tot number of avail-
bl (all) d verhead REs within th time i ter . S perscript  t
is no superfluous since it will assist us in mod ling a varie y of situation
w h an unifi d formalism. As will be odeled i this p pe , some overhead
co pon nts appear onl nc er fram hile others are r a d every TTI.
To proceed rth i h LTE c pacity stima on it is conven ent to con-
sid r hat not ll the bi s are us d to transport ser data but also to detect
5
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SINRdistribution[14].Therate-crolbsedmdlsfocsontcobi-
nationofthesystemconfigurtionndhedta-rteprovisionasafuncti
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3.ProblmStmt
Amtiond,thpuposofthsworktpopseahogyand
algorithmstaccurelyestimatheDLrougptcapaciy(C[bi/])
fLTEsysminreaisticscenariostcoiersthdgratioht
di↵ernorhadchipduc.
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Figur 5: Ov rh d p c nt (%) i h e c tE, T, s a functio of BW. Squ red
sy b ls pres nts OFr meRE, T(%)  OT IRE, T(%).
 O TIE, T(%) =
Frame
RE, T
AFrameRE,
⇥ 100
6.2. S si i ty of overh d on DCI length LDCI
As fu ctio f BW...
6.3. nfluenc of g “PHICH G u Sca g F c or”
As a fu c io f BW...
6.4. Scenar o 1: singl u er. LTE Maximum DL Data-ra
Wh the syste is onfigured with it highest par ters an ll the
vailabl esour s are igned t single UE which i in the be t rece tion
co iti ns, t e highest data-rate provision ca be ex ected. An accur te
ver a lculations t t is c stomized with the s s m configuration, pr -
vid s us wi the ex ct amount of ful resourc s that ca be assigned for
d ta-t a smiss on.
Consideri g th m ximum service provisi n capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I n h c o a fu ctio f BW
Fo 1 4 is 31%. RS i 9 %...
F 20 z is 6 . S i 46%. .
10#
15#
20#
25#
30#
35#
,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Si na
F r OFDMA-b d netw k, such s LTE, th available models ca be
in two major cat g r es. The power-contr l base mod ls st dy the
co bi t o of th yste c nfi urati n the s rv c area as a func i n f
SINR is ribu io [14]. Th r e-c rol bas d odel cus on h c mbi-
io f he sy e c nfig r ti a d he da -r t visio as a function
f th l tr ti n [15]. The perf ma c od l is h n th op i iz d
olut on prov de e d a- at in rget area, bel w the best
chi g sys m nfigu i .
Co si th qu r m f t e ra e (l ) ba e mo el o have n
ccur t s r f cell’ capacity, i this wo k w r se a ma he at-
ical m h d logy o lculate da a-ra rovisi n for u ti-user scen rios
f h ll wit fl x bl sys m configu t o p ramet rs.
3. P l S a e nt
A d, h pu p s f t is w rk is o p ose methodology an
l o i h s t accur t y e i t the DL roug p t or cap ci y (C [bit/s])
L y t s in r ali tic ce ri hat co sid rs degrad ti n th the
di↵ e ov rh d ch is pr duc .
I t i iv , s thr ugh u i c e s s wit he numbe of seful RE ur-
g a g v ti v l i rest. T i t me i erval t ca e eithe
T I 1 fr p n the p bl at d ( m r of us rs, file
z b by y s r, tc.). I this w wil l b l the t t l
umb of u f l s (that is, e for us r data) duri g ti e interv l  t
b i t n a i :
 OFraRE, T( = O
Fr e
RE, T
F m
RE, T
⇥ 100
U tE, T = A RE, T  O tRE, T, (1)
wher A RE, T a O tRE, T r pr t, r s c iv ly, th total n mber of v il
bl ( ll) n v r ad s ithi h ti e nte val  t. S p rscript  t
n s flu us ince i will s t u in modeling a vari ty of itua ion
h u fo malis . A ill be mo le in his pap r, ome o he d
c ne s ppe r only o ce per fr wh le o h r r r peated v y TTI.
To pr c fu her wit LTE c p ci y estim ti n it is c nvenient to con-
i e a t a l h bits r used to tra spo user data b t lso to detec
r r (fo tanc , ycli e und cy Check (CRC) bits). The us r data
5
!!!!!!!!!!!!!!!!!S i
For FDMA-ba ed tw k, ch s LTE, av il ble models c n b
in t o aj c go i s. Th p we - o rol bas d m l study t e
c b n n f he syst m nfi ur tion d th s rvice a s a functi n f
SIN di tribu i n [14]. T r -co tr l based odel focus on h com i-
n ti f h sy t m c figu i n d he da -r te pr visio a functi n
of l di trib t o [15]. T perf nc mo el is the t opt miz d
olu i provide e d ma d ta-r te in the targ r bel w he b st
tc i g y e nfig r t on.
C si ri g h r quir m n r te (l a ) base odel to have an
u u f c e l’ c city, in this w rk we pre t a ma emat-
l tho logy o lc l t t d - a pr v si n f r multi s scenarios
ll ith fle bl sy t m nfigurati n p r meters.
3. P obl S
ti , p rpos f t i wo k is to p e h dology and
al i hm cc y estim DL th g put or ca acity (C [bit/s])
f LTE y e n r l s ic sce i s th conside s t degr dati n that th
↵ r ov e anism p o u e.
I t it v ly, us r ug p t i cre ses wi umber of usef l RE d r-
g iv i v l terest. This im interval  t can be ither 1
TTI r 1 fr e, ep d g t p l m d (n mber of u er , fi e
iz e o load y us , etc.). In this pape we w l label the t t l
b r u f l RE (t is, s f us r data) duri g a ti e in v l  t
by us ti n:
 OTTIRE, (%) =
Frame
R , T
AFr eRE, T
⇥ 100
U tE, T = A tRE, T    tRE, T, (1)
h A tRE, T nd O tRE, repr nt, r p c ivel , e total n mbe of avail
abl ( ll) d v h ad RE wit h ime i erval  t. Superscript  t
o su rfl us sinc i ill s i t us in modeling a vari ty of ituation
wit a fied for l sm. A will b mo el d in this pap r, some ov rh ad
p n n appe r only o c per fr e w il hers re epe ed v y T I.
To roc f th r wi L E apaci y e tim ion it is convenient to c n-
id h t ot all he bit re us d t tr nsp t user data t lso to tect
rr rs (f r t nce, Cycli Redundancy C eck (CRC) bits). The user data
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r OFDMA-bas n work, u a L E, the av i ab m dels can be
e i w maj c g ri s. Th pow r-con rol bas od ls st y h
mbi i f t sys e c nfi ura io an t s rvic area a a f nc ion of
SIN istrib ti [14]. Th r te-co tr l b s d od s f c s on he c m i-
ion of th syst m nfig r io a d a a- t pr vi ion as a f nction
of he ad ib tio [15]. T perf nce mo el i h n th opti ized
l t o r i the ed d a- ate he rget re , b l w t b s
m c ing sys m configur ti n.
C nsi e ing th r q ir e t f th rat (load) based model av a
acc r t s r fo c ll’s capacity, this work w present a m the at-
i l l gy to ca c e th d -rate r i i n for ulti- s r scenari s
f e h ll wit flexi l sy t onfigur t r et s.
3. P o S
As en i , the u o of this w rk o pr pos a me hod l gy and
lg i h s t acc r t l e ima e he DL throu hp t or capacity (C [ it/s])
f LTE sys s e list c s e ri s th t consi rs t grad tio th t the
↵ t overh a echa i s pr u .
In ui iv ly, s r thr ugh t i c a e w th t u be of u ef RE dur-
a give t m nt v l of in st. This i e interval   ca b either 1
TI r 1 frame, ep ndi g o the obl at h nd (nu b r of us rs, file
siz t b d w lo d y ny user, t .). In this p pe w will l bel th to al
ber f us ful RE (tha is, th se for ser data) duri g ti e nt rval  t
by using t n:
Ban widt , BW (MHz)
 OTTIRE, T(%) = O
Fra e
E, T
AFra eRE, T
⇥ 100
U tRE, T = A tRE,  O tR , T, (1)
w ere A tRE, T nd O tRE, T prese t, re pectively, t e t t l umber of av il-
bl (all) d ov rhe REs with the ti i l t. Superscrip  t
is n s perflu us ince it wi l a sis us in modeling a variety of situ ti
wi a unifi formalism. As will be o eled in this p per, some verhead
c ponents app r nly nce p r frame while o h s ar r peated ev ry TTI.
T roce u t er with LT capacity es imation it is convenie to con-
s er t not all h bi s ar used to transport ser ata but also to ete t
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!!!!!!!!!!!!!!!!!Simina
ForOFDMA-bsednetwrk,sucasLTE,theavailablemodlcnb
seeninwomajorcategoris.hepower-controlbasedmodlsstudyth
combntionofthesysteconfiurationandheerviareaasafuncionof
SINRistributon[14].Theate-cntrobasedmodelsfocsothebi-
natioofthesystemcofiguratioadthedta-raterovisionasafunction
ofheladdistibution[15].Thprfrmanceodelisthentheopiize
soluionopvdthedmandeddt-ateinthtagtaea,blowthebest
matchingysteonfigurtio.
Consideringthrequiremntofhate(loa)basdmodelohavean
ccuratmeaurefachcell’scpaci,inhswokweprsntaahat-
icalmethodologytoclculatetedat-rprovisiofomult-ussenarios
foeachcllwithflexiblesystemcofiguationpareter.
3.ProlmSatement
Asntind,thurposofthiwrkistopropsamethodogyan
algorithstoaccrelyestiaheDLthrohputorcpcity(C[bit/s])
fLTsystmirealisticscnristaconsiderstdegrationththe
di↵ereverhedchaimspoduc.
Intuitivly,uethrughputncrasewthteberoffulREdur-
inggiveteivalfnteest.Titimintervalanbter1
TTIr1frame,depdgthpblmthnd(nufusrs,fil
iztobownladbyayusr,.).Inispprewilllbelhttal
nubrfuseulREs(thatis,fuserat)dunaimintval t
byusingtenotatio:
Ovraprctg
withepetttavlbleREs
,BW(MHz)
 O
TI
RE,T
(%)=
Fae
RE,T
A
Fram
E,T
⇥100
U
 t
RE,
=
 
R,T
 O
 t
RE,T
,(1)
herA
 t
E,
nO
 t
RE,T
resen,rspctily,helubrofavail-
ble(ll)ndoeREwthinhtimiral t.prip 
istsupefluossiiwillsistuiodlgvarietyofsituan
wthififrlism.Asillbelintipe,somvrhad
cpotspearloceprfraewhilherarrepeaeveyI.
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basedetwork,suchaLTE,teavailabemolsanbe
seenintwomajorcategories.Thepower-controlbasedmdelssudyth
combinatioftsytmconfiguationandthesvieareasafuctioof
SINRdisribution[14].hrte-controlbasedodelsfousonthecobi-
tinofhesstemconfigurationandtheta-rateprovisionasafunctio
ofheloadribtion[15].peformacmolisthenthoptiized
solutionoprovidethedemndedata-rateinthetargere,elowthbst
mathngsystmcnfigurain.
Consiringtheequirmefthrat(la)bdodeltoavn
ccurtmesureforeachcell’cpcity,inhiswkprenamthemat-
icalmethdologytocalculatehedat-ratpovsionfrmlti-uerscnaris
forachcellwithflexiblesysemcnfigurtipraters.
3.PolemStaent
Aentioned,thpurposeofhiorkisprpsemthodology
algorithstoaccrateyetiateDLthoghpuorcpaiy(C[bi/s])
fLEsytemsirelisticsenaiosthatconsidthedegrdaionthatthe
di↵erentovrhedmechaismsprouce.
Intuitiy,userthughputincreaseswiththenumbofusfulREdur-
inagivetiintervalofinteret.Thistmeiterval tcanbeiter1
TTIr1fame,depndigontheproblemathand(umerofusers,fie
sztbdowlabyanyur,etc.).Itspaprwwlllabltetotl
numbrofusefulREs(this,hsefruserda)drinaeivlt
byuinthnoton:
Overheadprctage
(withrespecttthvilablREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fram
RE,
⇥100
U
 
RE,T
A
 t
RE,T
 O
 t
RE,
,(1)
rA
 
RE,T
dO
 t
R,T
rprent,spectively,tetotlnubrofavail-
abe(ll)andvraREwithinthetimirl .Supescipt 
isntserfluouscitillistusimodlingavaietyfiuation
withanfiformalism.Aswilleodelithisppe,serhed
cmpoensappeaonlnpframwhileothersarerepateerTTI.
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Fi ur 5: v rh d c n g (%), th s c o  tRE, , as fu c o of BW. Squared
sy bols re s nts   Frame(%)  OT IRE (%).
 OTTIE, (%) =
Fr m
RE, T
AFrame, T
⇥ 100
6.2. S nsiti i y of o head on DC l ngth LDCI
As fu c i of BW...
6.3. I flu nce o Ng “PHICH Gr p Scali F ctor”
As a f c ion of BW..
6.4. Sc na io 1: s ngle u r. L E Max mum DL Data-rat
When the sy te is co figured with i s highest par meters and ll the
v ilabl esour es are s igned o a l UE which i in the be t reception
conditi n , the high s data-r te pr vision ca be ex ected. An accurate
v rhea calcu a ions th t is c stomized with th s stem configura ion, pro-
vides u with e ex t amo t of useful re ources hat ca b assigned for
d ta-transmiss on.
Consideri g th m ximum ervi e pr vision capabilities of LTE, for max
data-rate calcul tio , the f llowing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Fig 6: Ov rh d percentage (%) with r p ct to A tRE, T, as a function of BW. Squar d
sy bo s r pre  OFr eRE, T( I, ). OTTITOTAL =  O TIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
  I, T(%) =
OFrameRE, T
AFrameRE, T
⇥ 100
6.2. Se si vity f ove h ad DCI le gth LDCI
A a func i f BW...
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Figur 1: Over d comp n per entag  OTTIc mp i(%) w h resp ct to OTTIOTAL, s a
fu ctio of BW (MHz). T ins d fi es e sy bols u d for any mpon .
Fig re 11 s w th p ce ge f ch c mpo ent over he to l v rh d
OTTITO (usi g t etric fi ed i (38)). It eve ls tha OTTIRS pl y the k y
l s ce i much hi he than ll e o her c mp en s i l he sc l bl LTE
ndwidths. No that, s inc e se , O TIRS c a s, whil he o h s
r d c . F r BW = 20MHz, OT IS = 91%. Furthermore, TTIRS + O TIPDCCH
r ng s between 84% and 97%. Figur 12, c mputed a fra e scale, exhibi s
the same ends.
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Fi u 12: O er d p rc tag ( ) = 4, wi r sp ct al RE , a fu cti
o BW.
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Fi ur 13: Overhead p rcentag (%) n = 2, with r sp c to t e to al REs, a a function
f BW.
• For n = 2,  ORS reduc s p t 42% whil OPDCCH rises u to
⇡ 30%
• F r n = 1 OPDCCH bec mes clearly domin (⇡ 38%) wh n com-
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6 1 I fl c o p s f cti f B
F 1 4 s 31%. S i 91%...
F 20 MHz i 16%. S is 46%...
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!!!!!!!!!!!!!!!!!Si in
F OFDMA-based n t k, s LTE, the av il bl mo l can b
e i tw majo categori s. Th ow r-c tr l ased m ls study he
co bi ti of the sys e o figur i a d h s rvi a a s a fun ti of
SIN di ributi [ 4]. The ate-co tro b s m e s fo us n t c mbi-
f ys co fig r t n d th dat - t provi io s a function
f e lo ribut [15]. The p for anc d l is th the op mize
ol i n o pr v d e d m nde dat -r i h targe ar a, b low h b st
hing y e c fig r on.
C d i g t q i men of th a e (lo ) b sed d l t h v n
c r t m u f r c ll’ p ci y, i hi w rk w pr se m the t-
i h l gy t c l ul dat -r provisio f m lt -us r sc nari s
fo c c l i fl x l sy te co fig a ion p r er .
3 l m S t
A e io , t e pur se f t i o k i t prop se a m t dology nd
lgo i h o c t ly est m t DL g p t r p it (C [bi /s])
f LT ystem in i i c r ha c s d rs th d grad ion th
i↵e d m c is p d c .
In u i ly, us r ug ut i cr es wi h th numb of us fu RE du -
g giv i t r l f in e . This ti i t rv l   c b ei h 1
TTI o 1 fr e, pe di o th pr bl m at h d (nu r of users, file
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s e tw aj ca egori . The w r-co ro b sed m d ls s dy
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ForODMA-baednetwork,suchasLTE,thavailablemodelscanbe
senintwomajorcategorie.Tpowr-coolbasedmodelsstudythe
cbinationoftesystecnfigutinandthsevicasafuctionf
SINRdistribtion[14].Therate-cnrolbasedmodelsfocusonthecmbi-
naionftesyseconfiguationadthedta-raprvisionasafunction
ftheladdtribuin[15].Theformancmdlisthntheoptmized
luiotprovdedemdat-rethetargtr,blowhst
matchigsystecnfiuration.
Cnsideringtheequimetoftherate(load)basedmodeltohavean
ccuratmesureforeachcl’spcit,inthisworkeprstaatheat-
icalmethodlogytocalculttedaa-rteprovisionformulti-userscenrios
forachcellwithflexiblesystcofigurtinprmeters.
3.ProbleStaemt
Asmentind,thurposeoftiswokiprposmethoogynd
alrithmstoccuraelysieDLthroughputorcaaciy(C[bt/s])
ofLEsystmsirealiticsceariosthaonsiersthdegraationthatthe
di↵enoverheamchismprduce.
Ititivly,usrrughpcreseswihmberfusefREdr-
ingaginiitvalofinterst.istiitervl taneeither1
TTIor1fa,engtheprolahad(umerofusrs,fil
sizobeolobynyuer,t.).Itispapewewllabelhetotl
umbrofusefulREs(thais,sforusrdata)ringatieinterval t
bysingtottion:
Ovrhdprctag
wihrsecthvilbleRE
,BW(MHz)
TTI
,T
(%)=
O
Fram
RE,T
A
Frame
RE,
⇥100
U
 t
RE,T
=A
 t
RE,
 O
 t
RE,T
,(1)
whrA
 
RE,T
dO
 t
RE,T
rprst,rsctivly,hetlnmbfavil-
(ll)anoerhedEwihetiitrval .Suprcriptt
istsurflusiceiwillasistuilngavrieyofituion
witaunifiedfoalsm.Aswillemelditisapr,oevered
contsappeaolycpeframwhiethsarerepeatedveryTTI.
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ForOFDMA-basednetwork,suchaLTE,theaailablemodlscanbe
seenintwmajorcategries.Thepower-controlbsedmodlsstudythe
combinationofthesysteconfiguriondthsrvieareaasafuctionof
SINRistributio[14].Ter-cotrolsedmdelsfocusonthecombi-
ationofthesystemconfiguraionandtheat-ratrovisinasafunction
ftheloaddistributio[15].eperformancmodelithntheoptimized
solutiontoprovidethedmandeddata-rateinthetargetarea,belwthebes
matchingsystemcnfigurati.
Consderingtherequireentorate(la)baseddeltohavean
accurtmeasurforeachcell’scapcty,inthisworkwepresentamathmat-
iclthodolgytclculaeteat-atprvisionformulti-ussceai
foreachcllwithflexiblsytmconfiguraonparaeers.
3.ProbleStatent
Asentid,thepurposeofthisworkisoprposeamthologyad
lgoristoacuratelyestmtetheDLthroughputorpaciy(C[bit/s])
ofLTEssmsinrealsticscenaristasidersthedgradationthtthe
di↵eentverheadchimsprodc.
Intuitively,uerhroghputincsswiththenumerfusefulREdr-
gagiventieintervlofinteret.Thistimitrval canbeeiher1
TTIor1fraedpendigontheproblemahand(umberfusrs,file
izetobedownlodbyanusr,tc.).Ihisaerwewilllablthtotal
nuberofusefulREs(his,hoforuserdata)uringatimeitervl t
yusigthntin:
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wthaunfidforalism.Awillbmodithipapr,meovrhad
cmnnappaonlyoncepfrmwileoerrrpeaedveryTTI.
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F g 5: O rh d p ce tag ( , with respe to A tRE, T, a f ction f BW. Square
y bols repr se ts  OF amR , T(%) TTIRE, (%).
 OT IRE, (%) = O
F me
RE, T
Frame
RE, T
⇥ 100
6.2. S sitivity of v rh DCI le h LDCI
A u ctio of BW...
6.3. Influence f Ng “P ICH Gr u Sc li g Fac r”
As a f nction of BW. .
6.4. Sc ar 1: i gle user. LTE Maximum DL Data-rate
Whe the y tem is c fig red wit its highes p ramet r nd all the
v il ble resources re a sign d to a ingl UE whic is in he best r ce tion
co ditions, the highest d t - ate p vision an be xp cted. An ccu a
ove h ad calcula ions that is custo z with e system configuration, pro-
vides us ith t e xact ount of useful reso rc s that can b assigned for
at -tran issi .
Considering the m xim m service pro sion apabili s of LTE, for max
a a-rate calculatio , the following syst m configuration shall be appl ed:
• The highest B of 20 MHz (NRB = 100 an P = 4)
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6.1 I fl e c ac c mp n a functi f BW
F 1.4 3 %. S i 91%...
F 20 MHz i 16%. S is 46%...
10#
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F OFDMA-b s n tw k, s LTE, the a il bl o l can b
se i tw jo categ r s. h w -c l a d o l study h
i ti f th y t c n gur d e s rvic a fun ti n of
SIN di ributi n [14]. h r - ro b s s fo us on c mbi-
i f y c fig r t a d the da a- t provi ion s a function
of l ribu [15]. Th p form n d l i th the optimize
l i o r v d the d d da a-r i target r a, b low b st
i g y c fig r o .
C i e i g t q i nt f t ra e (lo d) bas d od l to h v n
at u e f r cell’ p city, i h s o k w pres nt m em t-
ic e h ol gy cal ula d a-r te provi ion f m lti-user sc n ri s
f c c l wi fl xibl y m c fig ra par e ers.
3. bl S t
As en io , the p p se i k i t prop s a m th dology and
lgo i h c r tely stim te DL oug p t or c pa ity (C [bi /s])
f LT t s i r a i i sc i a c id rs d gradation th he
↵ h ad is p d ce
I u i y, us r ughput i c s ith th umb r of usef l RE dur-
g giv in r l f in st. This ti n e can b ei her 1
TTI or 1 r m , epend he p oble at h d (number of users, file
ize b d wnl a by y us r, c.). I this paper we w ll label the total
be f us f l REs (t t is, h s f r s r ata) uring a time i terval  t
b usi g the n i n:
  FrRE, T(%) =
OFra eRE, T
AFraRE, T
⇥ 100
U tRE, T = A E, T  O tRE, T, (1)
h re A tRE, T d O RE, ep sent, re p ctiv ly, the total u ber of av il-
a l ( ll) a ver Es withi h tim in erv  t. Superscript  t
is not sup rfluou i c i will s ist u i od ling a variety of sit ation
with a unifi f rm lism. s will be mode e in this p per, some overhead
compo e ts ap ar only onc per frame while others re repeated every TTI.
To proce d fur r with LT c p c ty stim tion it is c nvenient to con-
id r tha l the bit are used to tr nsport user d t but also to detect
ro (f i s ance, C lic Redund ncy Check (CRC) bits). The user data
5
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F OFDM -b tw rk, su h s LTE, av i l els can e
s i o maj ca o i s. h w -c r l b ed m d udy
o i ion f th ys confi i n he se vic s function of
SINR d st ib io [14]. T r -c tr b d odels f cus n t e c mbi-
a i f e sy te c fig r tion d a-ra isi s a fu c on
f l a b i [15]. T er rmance d l s the o imized
soluti n p vi e h d ma d a-r e n rg t , low he b st
g y c fig .
C id ri h q ir f e r t (l d) ba d del an
c s re fo c cell’ capac ty, in t i work w r s t m th -
c l g calc a -r te r v s on f r m l i-u sc nar os
f r h l h fl xib y m co fi u n p r rs
3. P S te
As m nti d, h purp se f hi rk is to pr p se tho ol gy and
algori m t c t y im h DL thr ug p t or capacity (C [bit/s])
L E ys e s ali tic c na os t c ders e d gr d ion t the
↵ ov r c a sm r d c .
I tui iv ly, s r hr ug pu cre s s with th umb r of u eful RE d r-
i g a giv ti in al f i r st. his im n r al t can b ither 1
I or 1 f , dep nding n the oble at and (numb r o users, fil
siz to b d wnl by ny user, etc.). I this paper we will labe total
u er of us ful REs (t t is thos f u r da ) du ing a ti e i t val  
by i th notati :
TTI
RE, T(%) =
OFrameRE,
AFrameRE, T
⇥ 100
U tR , T = A tRE,  O tRE, T, (1)
re A tR , T a d O RE, re r s t, re pec iv ly, the total numbe of avail-
a l ( ll) d overhe d E w thi h im in erval . Superscript  t
i n t superfluou since i will sist us in m de ng a variety of situat on
wi h n unified f r alis . As will be modeled in this p p r, some overhead
comp ne ts app ar only nce per f am while others a e re ea d eve y TTI.
T pro eed f ther w h LTE p ity timatio it is convenien to con-
ider h ot all th bits ar u d to ranspor s r data but lso to detect
errors (for instance, Cycl c Redundancy Check (CRC) bits). The user data
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For OFDMA- as netwo k, such as LTE, h vail le m dels a be
e n tw aj ate ri . T r-contro b s d d ls s u y he
co b n ion f t e ys m c nfi a ion an e serv ce a as functio of
SINR istributi n [14]. he r te-con r l based odels foc s he ombi-
n ti of th s st m c figura o d e dat - at p ovision as fu ction
f t o dis ribu io [15]. he erforma c del s n h optimiz d
soluti n o p vi h d m nd t -r t t rget ea bel the best
chi g system nfigura o .
Co id i g h r q re e t of the e load) bas d d l t have
a m sur for c ll’ capa ity, i t i work e p es nt a ma m t-
ical m t od ogy to lcula e th data- ate provisi for mul - er s en ri s
f e ch c ll wi fl xibl sy t m nfiguratio par met rs.
. Pr blem State t
As mentio ed, the purp e f this work i o pr p se a me hodology an
lg rithms t accur ely est t t DL thr gh ut or capaci y (C [ i /s])
f LTE systems in realis ic sc arios tha c ns ders th degrad tio that he
di↵ere verhead echanis pr d c .
Intuitive y, ser thr ughpu incr s s ith the n ber of us ful RE dur-
i g give tim nt rval of int re t. T is ti e int val   can be either 1
TI o 1 frame, p ndi g o t pro l at and (numb r users, file
ize t be ow l ad b any user, tc.). In this paper w will label the total
nu b r of us f l REs (th t is, tho e for us d t ) dur ng a time i t rval  t
by us g th tation:
Bandwi th, BW (MHz)
 O TIRE, T(%) = O
Frame
E, T
AF ameRE, T
⇥ 100
U E, = A tRE, T  O tRE, T (1)
where A tRE, T and O tRE, T repr sent, respe tively, the total nu ber f avail-
abl ( ll) n ver e d REs within the t e int rva   . Super crip  t
is not superfluous since i will assis us in mod ling a variety f situat on
with an unified form lism. s will be o led in this pap r, some overhe d
c mp nts appear only once per fr e while others re repeated every TTI.
To proceed further with LTE capacity estimation i is conv nient to con-
sider tha not all the bits are used to ransport user data but also to dete t
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepowr-cntrolbasedmodelsstudythe
combinationoftesystemcnfigurtionandtherviceaeaasafunctionf
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
naionfthesystemcofigurationadthedta-raeprvisionasafunction
oftheloaddistribuin[15].Theperformancmodelisthentheoptimized
lutiontoprovdedemddata-rteinthetargtara,belowthest
matchingsytconfiurion.
Consideringtherquirementftherate(load)basedmodeltohavean
accurameasureoreachcell’scpcity,inthisworkweprestaatheat-
icalmethodologytocalcultetheata-rateprovisionformulti-urscenarios
forachcellwithflexiblesystmconfigurionprmeters.
3.ProbleStatemnt
Asmentined,theurposeofhiswokitproposeamethodologyand
alrithmstoaccuratelyesimteheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealiticscenariosthaonsidersthedegraationthatthe
di↵eretoveheamechanismprodue.
Intuitively,usertroughpuncreswithhenumberofusefuREdur-
ingagiventimitervalofinterst.Thistieinterval tcanbeeither1
TTIor1fame,dedingotheprolemathad(numberfusers,file
siztobedownlobynyuser,c.).Ithpperwewilllabelthetotl
numbrofusefulREs(thati,osefrusedata)rigatieinterval t
bysingteotation:
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adO
 t
E,T
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istsuperfluusiceitwillassistuimdlngavriyofsitution
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cmpontsappearolycepefraewhilethesaerepeatedveryTTI.
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F g 5: O rh d p centag (%), ith respe t to A tRE, T, as a f nction f BW. Squar
ymbols repr sents  OF ameRE, T(%) TTIRE, (%).
 OTTIRE, T(%) = O
F me
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of ov rh d o DCI leng h LDCI
As u ction f BW...
6.3. Infl ence of Ng “P ICH Group Scaling Factor”
As a f ction of BW...
6.4. Sce ar 1: single user. LTE Maximum DL Data-rate
When the sy tem is co fig red wit its ighest parameters and all the
available resources are assign d to a ingle UE which is in he best rece tion
conditions, the highest dat -rate provision an be expected. An accurate
overhead calculations that is customized with e sy tem configuration, pro-
vides us with the xact a ount of useful resourc s that can be assigned for
ata-trans issi .
Considering the m xim m service provision capabilit s of LTE, for max
da a-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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F r FDM -ba rk, uch a L E, the v il b e mod ls ca b
in w j r at g i . T e p w r-co t ol bas d odels t dy t
c bi i f e y tem c nfi ur n d h s vic r s a f cti n of
SINR distr bu ion [14]. e rat -c n r l b d o ls focus on th c bi-
f t y t m o figu nd r p ovisi s fu c i n
f h l i i [15] h p rf rm nc e i th the pt ize
lu i t p vi h de dat -r t n h targ t area, be ow th best
a ch g sys e c fig i .
C sid i h r qu e e t f t e ( d) based model to h ve an
ac r e for ch c ll’ ca ci , i his w rk w p sen a m th mat
ic l o olog c lculate h data- a e prov io f r m lti-u er sce rios
f r ac c ll wi fl xi s s o figuration param t rs.
3. P bl S t
i n d, h purpo f this w rk is to ropo a t dology nd
lg rit s to cc rat ly estim e he DL thr ug u or capacity (C [bi /s])
f LTE sy t i r al ic sc n ri s t co si ers t grada ion tha the
di↵ re t ov h d m anisms pr du .
Intuitiv l , us r thr ug pu increase h the numb r of useful RE dur-
a give tim te v l of i t est. Thi tim interval  t can be e her 1
TTI r fr , endi g on h problem at h nd (numbe of users, file
siz to be d lo by y u r, etc.). In this paper we w ll lab l the to al
n mber of useful REs (t t is, tho for u er d ta) during a time interv l  t
by us ng the ot t on:
 O rRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, (1)
where A tRE, T and O tRE, T repres nt, respectively, the total umb r of avail-
able (all) and overh ad REs within the time interval  t. Superscript  t
is n t superfluous since it will assist us in mod ling a variety of situation
with a unified formalism. As will be mo eled in this paper, some overhead
compo nts appear only once per frame whil thers are repeated every TTI.
To pr ceed f rther with LTE capacity estimation it is convenient to con-
sider that not a l the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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i w j r t r s. r-c t ol s d m e s study th
mbi ti f e y t c nfi r io h s ic ar a a a f ncti n of
SINR t ib o [14]. T e r - o tro b sed m ls f c on t e co bi-
n o f he sy c figu ti nd th at - p ovi on s fu tio
f lo dis r u io [15]. T e p rfor nce mo l is th t ptim z
lu n vi h d d da a- t i g t ar a, bel h b st
ma chi g sys e fi ur i n.
C id ring r q i t f th r t (l ad) b s d mo l o h v an
a u a m ur f ea cell’s c pac , i t is w k w p s n a mat emat
ical m h d og c lcula th d -ra e rovision for mul -us r sce arios
f ch c ll with fl xibl syst configur ti n pa t rs.
3. P ble St t t
A m ti ed, h p p e of i work s o propo a m th d l gy and
algorithms to cc rate y estimat he DL throug pu or capa i y (C [bit/s])
f LTE syste s i ealistic scenarios th t consi ers t d gradation th t the
i↵er t ov head m h nism p oduc .
Intuitiv ly, us r th ughp t incr ases with the number of useful RE du -
ng g ve ti e in erval of i te est. This time interval  t can be e her 1
TI or 1 frame, dep g o the probl m t and (number of users, file
size t b dow load by any user, tc.). In t is p per w will lab l th total
umb r f useful REs ( t is, tho f r u da a) during a time nterval  
by usi g the o tion:
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T and O tRE, T represent, respectively, he total number of avail-
abl (all) and overhead REs within the time interval  t. S perscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. A will be modeled in this paper, some overhead
compo ents appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient t con-
sider that n t all the bits ar used to transpor user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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F r OFDMA-ba e etw rk, uc s L E, the available m el can be
se n i two major cat gories. owe -con ro ba e models st dy the
c mbination f the syst co figu ati and the service a e a function of
SINR di t bu ion [14]. The a -control ased m dels focus on t co bi-
n ti f the s tem c figuration d t e da a-r te pro ision a a function
of h ad di ributio [15]. Th p rfo ma ce m d l is hen h o imiz d
s l i n t provi e e nded d ta-r te i the targe re , belo t best
m ching syst m c fig rati .
C ns deri g th quire nt of e t ( o d) based mo el to have n
accurate measu e for c cell’s c paci y, in this work w pr se a mathe at-
c l methodology to calcul te the ata-rate rovision for multi-user scenarios
fo each c ll with flexible system configur tion p ram ter .
3. Problem Statement
As mentioned, he p rpose of t is work is t propose methodo ogy an
lg rithm to cu tely estimat t e DL t roughp or capacity (C [ it/s])
of LTE sys ems in r al tic scenar os that co si rs th d gradation that he
d ↵erent over ad m anisms roduce.
Intuitively, user throughput increases ith the numbe of us ful RE dur-
ing a given i e i terval f interest. This time i erval  t can ei her 1
TTI o 1 fram , d pend ng on the problem at hand (num er of users, file
size to be dow load by a y user, tc.). In this paper we will la el the total
umber of useful REs (t at is, thos for user data) during a time interval  t
by u ng the notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Fr me
E,
AF ameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tR , T and O tRE, represent, res ectively, the total number of avail-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superfluous sin e it will assist us in modeling a vari ty of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not ll the bits are used to t an p rt user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seeintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesytmconfigurtionandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsytmconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratmeasurforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethdologytocalculatetedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.PrblemStatemen
Asmentioned,thpurposeofthisworkistoproposemethologyand
algorithmstoaccuratelyestimatetheDLthrughputorcapacity(C[bit/s])
ofLTEsysemsinrealisticscenariosthatconsidersthedegrdationthatthe
di↵eretoverheadmechanismsproduce.
Intuitively,urthrughputnceaseswithhenumberofusefulREdr-
ingagiventieintervalofinterst.Thisimeinterval tcnbeeither1
TTIor1fme,depnigontheproblemahand(numberofusers,file
sizetbedownladbyanyuser,etc.).Inthispaperwewilllabelthetotal
numbrfusefulRE(thatis,thoseforuserdat)duringatimeinterval t
bysingthnotation:
Ovreadperentage
wtrespecttotheavailablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
and
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)anorhedREswithinthetimeinterval t.Supescript t
isotsuperfluousinceitwillassisuinmlngavarieyofsituation
wihaunifidfralism.Aswillboldinthspaper,someverhead
comonntsapperolycerframwileoherarerepeatdeveryTTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancmodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchinystemconfiguration.
Consideringtherequirmentoftherte(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Ameniond,thepurposeofthisworkistoprposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsysemsirealisticscenariosthatconsidersthedegradationthathe
di↵erentoverheadmechanismsprduce.
Inttively,userthrughputincreaseswiththenumberofsefulREdur-
inggiventimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedwnloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nuberofusefulREs(thai,toseforusrta)duringatimeterval t
byusingthenoti:
Overheadpercentage
(withrespecttoteavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
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RE,T
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 t
RE,T
rereent,respectively,thetotalumberofvil-
able(all)andoverhedREswithinthetimeinterval t.Superscript t
isntsupefluousincitillasstusimodelingavarietyofsituaion
withanunifiedfrmalism.Aswillbemodeldithispaper,omeoverhead
componentsapparonlyonceperfraewileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squar d
symbols represents  OFramRE, T(%)  OT IRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead n DCI length LDCI
As a function of BW...
6.3. Influence f Ng “PHICH Group Scaling Factor”
As a funct on of ...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. Influ c mpo nt f io f BW
Fo 1.4 i 31 . S i 91 ..
Fo 2 MHz is 16%. RS s 46%...
10
15#
20#
25#
30#
35#
1,4# 3# 5# 1 # 15# 20#
!!!!!!!!!!!!!!!!!Sio i a
F r FDMA- e t ork, uc s LTE, th vail bl els c n be
n n wo j r t gori . T e ower-c n r l b se models stu he
co t n of h ys m c nfigur tio a d h rvi e r a a function of
SINR di ibu io [14]. The rat -c t ol b s d o e foc s o t c bi-
n i syst c fi r io d th d ta-ra provisio as a fu ti n
of l d rib o [15]. h f ma c model is h the opti iz d
o ti n o ov d the d d da -r t i th rg e , bel w b
c ing syst nfi ratio .
C id i e r qui e n of t (l ) b s m el t h ve
c ur u fo a ll’s cap ci y, i is w k w p es a m th m t-
al h d l y lc l -ra e r v i for m l i- ser c n i s
r ch ll w h fl x l ys nfig a ion r s.
. P bl S t
A tio d, t e rp f t i work is o r po m th l y nd
lg rit s cc r t y s im t e DL th gh ut or apac (C [bit/ ]
L E yst i is s rio c t d rada ion t at e
i↵ n ov r d a is s r d c .
I u iv y, r h ug pu i c es with th n b r f u eful RE d r-
i v i i f i r . T is me t rv l   ca b either 1
or 1 f m , d p i n the r bl m h ( u r of u ers, fil
siz t e wnl d b a y s r, t .). t i pap will lab l t tot l
u be u ful t i , s fo u r d a d ri g ti e interv l  t
i g th no t :
 OFr eRE, (% = O
F ame
RE, T
AFrameE, T
⇥ 1 0
U R , T = A tRE, T  O RE, , (1)
w A t , an O R , res t, p ct vely, h ot l nu b of av il-
bl ( ll) d v h ad R s w i e im i rval   . Su ers rip  t
is o sup flu us i ce t s is us in mo ling a varie y o si u t on
with u ified f r alism. As il mod l d in this paper, ome overh
co nen s app ar nly c er fra whil o her ar e a d ver I.
T ro eed furt wi h LTE ca acity estim tion it i con ni n con-
d r hat not ll th bits ar u t t an port u er t but lso o d t t
rro (for insta e, Cyclic R d dancy Ch ck (CRC) bi s . e user dat
5
!!!!!!!!!!!!!!!!!Siomi
F r OFDMA- tw k, suc LTE, the av l b e m d c be
se n w m j g i . T p we - l d od l s y
m a of sy t c figur ion and th ervic a s a fu ti of
SINR s r bu o [14]. Th t - nt ol s d mode f c s h c bi-
i f h ys confi ur ti a the at -rat vi i n s fu ctio
t l d i ti [15]. h p r nc o l is t n the pti ize
so u i pr d de dat -r te i e , belo h best
tc s s e c nfig io .
C nsi e i g q i f h r te (l d) b m el t v
ac r t as r f r ach c ll’ p ci y, n this w k w se t a ma h at-
i metho o og c lcul t e - t ovi io o ulti-u r s e a ios
f ach c l wit fl xib e syst m o figu a i n p ra rs.
3. P bl St m t
As i d, pu p se f thi k is to p p e a th d gy and
lgori h s acc a el sti t t e DL thro g u or cap it (C [bit/ ]
f ys e i r lis i sc n i at c n rs e degr da io ha th
i↵ r n v rh d mec s s p d .
I t i y us r hr ghpu inc e se i t e n mb of us ful RE d r-
g a give i e int rv l f i ter . tim erv l  t c n e th r 1
TTI or 1 f m , p n ing n t p oble t h nd (n b f us rs, file
siz b d wnl by a y s , etc.). I his p we w ll l b l the tot
n er f s f l R (t t is, o f r s r at ) d ri g a i in er al  
by si g h ta io :
T I
RE, (%) =
OFrameRE,
AF meRE, T
⇥ 100
U tRE, = A tRE, T  O tRE, T, (1)
w er  tRE, n O tE, T ep s t, r sp ct v ly, th a um e of avail-
ble ( ll) and ov rh R s ithin he me i t v l   . Su rscri t  t
is o su fl us si c it ill a is us in m li g a v rie y of si uatio
w h a u ifi formali m. As wil b del d in thi pap r, me ov rhead
co nts p o ly o per fra whil o h rs ar r peated very TTI.
To p ceed f rth r with LTE paci y es m ti t is conv ient con-
ider that t all the bi s d t r ns ort s da bu a so to det ct
r o s (fo t , ycli R dun ancy k (CRC) bit ). Th er data
5
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F r OF MA- s d wo k, such LTE, the vail bl mo ls can b
s tw ajo c g s. T o -c tr l b ed d l tudy h
c mbina io f the sy o figurat and t s rvi rea a func i n of
SIN is ribu ion [14]. The r t - o tr b s d del focus on the c mbi-
a i f t e em co fig ra ion h at -ra pr v sion as f nc i n
f l d s ib n [15]. h e for ce mode i t en th p imized
o uti n t pr vid d manded d - t in t targ t rea, b l w th best
a ching sy t figur tio .
Con ideri g t r qui f the at (load) b ed mo el o v an
ac ura s r f r each c l’s c city, i his wo k e pr sen mathema -
ic l tho ol gy to calc l e t - p ovisi fo mul i-us sc n io
f c ell wi flexibl y t configu io p rameters.
3. Probl St nt
m io e , the purpos f t i rk is t r p a methodol gy nd
algori s to ccura l s i te h DL th ough ut c pacity (C [ it/ ])
of L E s ste i r alis ic sce ario th co i rs he d gr d io t t the
di↵ re t overh d m ch is s prod ce.
I itively, s r thr ughp in r a s it e nu b r of us ful RE dur-
i g a giv n tim i erval f n e e t. his ti e i t rval   can b ei r 1
TTI 1 f am , dependi g n th probl m at and ( mber of users, e
size to b d wnlo b n ser, tc.). In his pap r we w ll label th total
umber of sef RE ( at is, h se f r us dat ) du i g t m interval
by g the o ation:
Bandwid h BW (MHz)
 OT IRE, T(%) O
Fr m
RE, T
F ame
RE, T
⇥ 100
U tRE, T = A R ,    tRE, T, (1)
wher A tRE, and O tRE, T rep es nt, respectiv ly, t t l mber of av il-
bl (all) nd verhead RE w thin he time nt rval   . Sup cr p  t
is not up rfluous s nce i will s ist in deling vari y f ituati
with a u ifi ormalism. A will be mod led i thi aper, ome o er a
com nents appear nly once per fra whil thers re epea ed very TTI.
o roce furt er with TE cap city e timation it i convenient to con-
sid r that ot all th b ts re us d t ranspor user d ta b t also to d t c
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F r OF MA- s d rk, s ch s L E, h v il ble el can b
tw maj c g ies. T p r co t b s e s s udy t
c i h sys co fig i and h s rvic r s f nc i n of
SINR s ibu i [14]. he r e co r l b s d focus n t c bi-
ti of y m c figu ti n a- provi io as f nct o
f l d i ut [15] rf r c m el is th n the op i iz d
s l n pr vid d m d - te i h ta g t r , below he bes
tc sy o fig i n.
C d ri r q of he te (l d b d mod l to have an
c a e fo c ll’s p ci y, i h w k w p s t at-
ic l et d y a cul da -r pr i n f r ulti-us r sc nari
f r c c ll wi flex bl sys em c nfigura i p r s.
3. Pr bl S t
As m , u s f thi k is p pos m dology d
lg ith s o accur e y sti e h DL t roughput or capac ty (C [bit/s])
of L E y n li ic c ri tha c sid rs he egrada ion that th
d ↵ r v h ad hanis rod c .
I tui iv ly, user h ughpu incr as s wi h t e number of useful RE dur-
ing a giv tim int rv l f erest. This time in er al t c b eithe 1
I 1 frame, p i g o p oblem at and ( er of se s, file
size be dow o by a y us r, tc.). I this pap ll l l the tot l
b of u ful REs (tha i , tho fo us da a) d ri i terv l  t
by u ing t n tio :
 OFrameRE, T(%) = O
Frame
RE, T
AFrameE, T
⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
wher tRE, T and O tRE, T represent, respec ively, he total number of avail-
able (all) and overhead Es withi the tim interv l  t. Supersc ipt  t
i t superfluous since it wil as i us in modeling a variety of situation
with n unified for lis . As wil be mo eled in his paper, some overh ad
ompon nts ppear only nce per frame while others are repeated every TI.
To proc ed furt er wi h LTE capacity esti ation it is conve ient to con-
sider that not all bits ar sed t a t u r data but lso t detect
errors (fo instance, Cyclic Redu an y Check (CRC) bits). h user data
5
!!!!!!!!!!!!!!!!!Si
F r OFDMA- d w k, uch s E, ilable d l c n b
n i j c t e T e o trol b d m ls st y th
o in i n of h syst m figur i d h r ic r s fu ction o
SINR i r u i [14]. T r - r l a m d s foc s on e combi-
n ti f h y m figu a and t e ata- t pr io s fu cti n
f t e l d d i u io [ 5]. p r or nc d i en t op i ized
s l i t pr v th d d d t - at i th t g t a, b ow the b st
tc i t c figu ati
Co si i g t r qui of h t (l ) ba d m d l v an
cc t e s e r ch ce ’ c p i y, n his k w p se m ema -
c l d l g c cul t e d -ra e provis on fo m lti-user rios
f c ll th fl xibl yst m figu ion p t s.
3 P l S t
A m nti , p rp s of is w rk i to r pos m th dology nd
l ori h s c rat y e m he DL t r hp t or c p [bit/s])
f LT y s n re listi cena ios t t siders h deg a ati tha the
d ↵ r v h m ha s r uc .
I u tiv ly, u er hroughput nc se with th n m er f useful E ur-
ing g v i e int rv l of i eres . i im i erval  t c n i her 1
T I 1 fr me, d p i on th pro le at a d (n mber of sers, file
ize t b w l ad y ny us , etc.). I th paper we will la el the t t l
nu ber f usef l Es (t a is, hose for user d a) duri g ti int rv l
y usi t notation:
 OTTIR , T ) = O
F ame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T a d O tRE, T repr s t, r p c v ly, th otal umber of avail-
bl (all) nd overhead REs within t e ti e int rval  t. perscript  t
is not perfl ous si t will sist u in mod ling va of situation
wi h n unified f rmal m. As ill be m deled in thi a r, s e overhead
componen s app ar only on e per frame w il ot rs a repeated every TTI.
T proceed furth r with L E c pacity estima ion it is conv n ent to con-
s der that o all bits are used to transp rt u e data but also to et ct
errors (f r instance, Cyclic Redundancy Check (CRC) bits). The user data
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For OFDMA-ba d w k, s c as LTE, t e ailable d ls can b
s n w jor at gor . T wer- on l b ed odels st he
c mbi f th s s c fi r ti n and e s v a a s a function of
SINR distribut n [14]. The at -co ro bas d mo el f us t e co bi-
nati of he y t m onfig r t and h da a-r te provisi n as a fu c ion
of t l d dist b tio [15]. T p rf m od l i en the op imiz
solu io provide e dema ded a a- ate i t targ t ar , low the b st
a c ng sys e o fig at n.
C n derin r q ire o the rate (lo d) b s d mod l to h v an
c u te measur f e ch cell’ c p ity, in t is w rk we pr nt mat e at-
ical m th d logy o alcul e e d ta-r t pr visi for m lti-u r scen ri s
for each cell with flex bl sy e onfigu tion pa eters.
3. Pr bl S eme t
As mentio e , he pur os f t is w rk i o pro ose m h d lo y an
alg ithm accura ely es im t h DL th ugh ut o c c ty (C [ t/s])
f LTE sys s i r listi sc arios that c nsid rs th d gr dation th t t
di↵e ent over ead m chanisms prod c .
I uitively, us hro ghpu incr as s with the number of usef l RE ur-
in given time i e val of in ere . This time int rval t can be either 1
TI r 1 fr me, depen ing o the probl at h d (number of users, file
siz o b d wnload by a y s r, e c.). In this paper we will label the total
number of u ful REs (that is, ho e for user da a) during a time interval  t
by s ng the nota i n:
Bandwidth, BW (MHz)
 OT IRE, T(%) = O
Frame
E,
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T a d O tRE, T repr sent, r spec ively, t e otal number of avail-
able (all) nd ov head REs within the time int rval   . Supersc ip  t
is n t sup rfluous since i will assis us in mod li a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
componen s appear only once per f me while others are repeated every TTI.
To proceed further with LTE capacity estim tion it is convenient to con-
sid r that not all the bits ar us d to t ansport us r ta bu also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajocegories.Thepower-controlbasedmodelsstudythe
combinaionofthesystemconfigurtionandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationfthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidehedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Coidrigtherequirementoftherate(load)baedmodeltohavean
accuratemeasureforeachcll’scapacity,inthisworkwepresentamathmat-
icalmethoologytoclcultthedta-reprovisionformulti-scenarios
foreachcellwitflexblsysemcofigurationparameters.
3.ProblmStatement
Asmnine,purposeofhisworkistoprposeamethodologyand
algimstacuratelyesimatetheDLhroughpuorcpacity(C[bit/s])
fLTEsystesirealisticscenariosthatconsidersthedegradtnthatthe
di↵erentovrheadmechismspoduce.
Intuitively,userthoughputinceaseswittenumberofusefulREdur-
ingaivntimervalofintrest.Tistimeinterval tcanbeeither1
TTIor1fram,dependingonthproblmathand(umberofusers,file
szetobeownladbyanyuseretc.).Inthispaprwewilllablthettal
numberofusefulREs(s,thseforuseraduringatimeintrval t
byusgthenotation:
Ovheadpercenag
withrespctttheavailableREs
,BW(MHz)
 
TTI
RE,T
(%)=
O
Frme
RE,T
A
Fram
RE,T
⇥100
U
 
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,
ndO
 t
RE,T
represe,rectively,thettalnuberofavail-
abl(l)ndorheREswithintimeintrval t.Superscrip t
intsuperfluusinetwilassistuinmodelngavarietyofsituation
withnuifidfrmalsm.Allbemdelediispaper,smeovrhead
mpontspparolynceerfrewilothersrerepaederyTTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
senintwomjorcategories.Thower-cntroasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribuion[14].Therate-controlbasedmodsfocusonthecombi-
ntionoftheystemconfigurationandthedata-rateprvisionasafunction
ofthladdistribution[15].Theperformncmodlisthentheoptimized
solutontoprovidethedmandddata-ratinthetargetrea,belowthebest
machinsystemcofiguration.
Cnsiderngtherequirementoftherat(load)basedmoeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmehodolgytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfiguationparameters.
3.ProblemStatemnt
Asmentione,thpuposefthsworkitorpostdolgynd
algorithmstoaccuratelystimatheDLthroughptorcapaity(C[bit/s])
ofLTEsystesrealisticscenaisthatconsidrsthedegradationthathe
di↵erenoverheadmechanismsrduce.
Intuitivly,usethroughputincreaseswiththenumberofusflREdur-
iggiventimeintervlofintrest.Thistimeinterval tcanbeeither1
TTIor1frme,ependingontheproblemthn(nuberofusers,file
izeedownladbyanyuser,etc.).Ihipapewewilllabelthetotal
mbrofusflEs(thatis,thosefruserdata)duringatieinteval t
byusingthenoati:
Overheadpercenage
(wthrespecttotheavailableREs)
,BW(MHz)
 O
TTI
RET
(%)=
O
Frame
RE,T
A
Frame
E,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wereA
 t
RE,T
adO
 t
RE,T
reprse,respcvely,thettalnuberofavail-
ble(all)andoeradswithinthetiineval .Suerscript t
inotsuperfluusiciillassisusielngavaretyfsituation
withanunifidforalis.Aswillbmodeldinthisppr,smoverhed
componentspparonlyoceperframwhilethersrerpetedeveryTTI.
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Figure 5: Overhead perc ntage (%), w th respec to A tRE, T, as a fu ction o BW. Squar d
sy bols represents  OFrameRE, T %)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead n DCI leng LDCI
As a function of B ...
6.3. Infl ence f Ng “PHICH Gr up Scaling Factor”
As a function of BW...
6.4. Sc na io 1: ingl ser. LTE Maximu DL D ta-rate
Wh n he ys e is configured with its highest pa am ers and all the
available r sources re assigned to a singl UE ch i in th best reception
condi ions, the h ghest d ta-rate provision can be exp cted. An accurate
overhead c lculat ons that is customized with the system configuration, pro-
vides us with he xact a ount of u ful r sources that can be a signed for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1. I flu c ach c e t as n ti n f BW
Fo 1.4 s 3 . RS is 91 ...
F 2 MHz is 16%. RS i 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!Si i
F r OFDM -ba n k, s LTE, v il bl m el ca b
j r g ri . he p er- l b se ls st dy th
i n h st figurat nd h servic ar a a a func ion of
SIN rib ti [14]. r l se ls f cus c bi-
i n f s figu i a d e d -r pr vi i n a unct
f t di i t o [15]. p f rm ce l i h n h optimiz d
t r vid t d d a -r h ta ge r a, l w the b t
c g c fig tio .
C ide i g h r qui e e f h l d) d o l h ve an
cc r e e re for ll’ cap y, n hi work w pr s n a ma hemat-
ca t o to c he da -r t pr i i f r ult -user cen ios
for ch l i fl i l s t o figu a n am s.
3. P bl
A nti , r f t work is to p pos a od l gy d
lg ri t cc ly s i te DL t rou p t r capaci y (C [bit/s])
of L E sys s n r a is sc r s a c nsid s degra ati n th the
di↵e ent v h d c nisms produce.
I t i v ly, u hroughput i c s with t e umber of useful RE d r-
g a giv i e nt v i t es . T i ime r al  t ca be eith 1
T 1 f , ep i g o th p o l at hand ( umber of use s, fil
s z b d w d by a y r, tc.). I is p r we will label the tot l
ber f us ful RE (th t , s for us d ta) d ri g m interval  t
by u i g th t i n:
 OF am % = OFramRE, TAFramR , T ⇥ 100
U tRE, T = A tRE, T O tRE, T, (1)
w tRE, T a O tRE, T represen , respectiv ly, h total numbe of avail-
bl (all) an v head R s within th tim interval  t. upersc ipt  t
is t superfluous sinc it ill s i t us in odeli g a varie y of situation
w th n unified formal s . As wil be mo ele i his paper, some overhead
co po s appear only on per f ame while o ers repea ed ev ry TTI.
T proceed further wi h LTE capacity es im tion it is con enien to con-
si er th t n t ll bits are us d to tra sport us r da a but also to dete t
rors (f r inst nce, Cyclic Redun ancy Check (CRC) bi s). The user data
5
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FDMA-b w k, s c a L E, t v il l m d can b
i o j r r . T p w r contr l b ed m ls s y t
c i i h s t co fi r d t ervi s a function of
SIN i i ut n [14]. h r - ro as d f cus o he c bi-
i f c gu t o h t - pr visio functio
f h is ribu i [15]. T r o m l is h ti ized
s l i pr v d t d d -rat i t targ ea b th b t
i o fi i n.
Consi ri g th r qui e f t (l ba o l to h e a
c u t m s f r each c ll’s pa i y, in his w k w pr s t m h ma -
i l l gy a l t a- a pr visi for ulti u r ce arios
f r ch c ll i h fl x bl ys figu ti ra t .
3. P obl S t
A nti n d, ur o f is work se a m thod logy d
alg ri h o cc ately st ate DL th u hput or c p i y (C [bi /s])
of LTE y t s in re lis i c n rios h t co si e s d gr ation that
d ↵er v r ad ec nisms pro u .
Int itively, us thr ughput in r e w th the mb r of us ful RE ur
g g v tim i t va f s . t in rval  t c n e eit r 1
T I 1 a e, d pen i n h probl m hand (n mber of users, fil
iz o b wnl d by ny s r, tc.). I t pa r we will la el th tal
b r f u l R s (t t is, h fo user d ta) d i g a tim int rv l  t
by u g th no t n:
TI
RE, ( ) =
OFrameRE, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w ere A tRE, T nd O tRE, T r sent, r sp ctively, the total u ber of avail-
ble (all) and ve ead E withi t e t interval  t. Superscript  t
i not s erfl ous sin it will assi t us i mod ling variety f situation
wi h an unified formalism. As will be el i thi ap r, s m over ead
componen s appear only onc per fram whil oth rs are ep ted every I.
To proceed further with LTE capacity estima on t is convenient to -
si er that ot all the bit are used to transport user data but also to detect
rrors (for instance, Cyclic Redunda cy Ch ck (CRC) bits). The user data
5
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Fo FDMA-b s d w rk, such s TE, e availabl dels c be
s e wo m j r a g r . T o r- on r l bas mod ls st y he
co bin ti syst c fig ati a d ervi e ar a s a func of
SINR distrib tio [14]. ate-c tr l ba d mo s f cus o he mbi-
nat o t sy nfig ration a d he t -rate r vision as function
f th l st bution [ 5]. Th e f rmanc mod l i h n t optimiz d
sol tion to vi e e dema ded dat - a e n targ t ar a, bel w the best
chi g sys m onfi ur tion.
C s ri th r quir e of t e r te ( o d) ba d mod l t have
accurat mea ure f r each ll’ c paci y, in t is w rk w prese ath at-
ical me h d logy to calc la e th d t -ra pro i i for multi-us sce arios
f h c ll with fl x bl syste c nfig r ti n parame ers.
3. P bl m Sta em n
m tio ed, the os f t is w rk to propose a m h ology an
lg r hm o accura l s imate h DL ough ut o c p ci y (C [ it/s])
f LTE syst s in realistic sc ios that consid rs the degradatio th t th
di↵erent over ead mec a sms p odu .
I tuitiv y, us throughput ncr ases wi h the umber of useful RE dur-
ing give ime i te v l of in eres . This ime i terval  t can be either 1
TTI or 1 f me, d pe ding on the problem a nd ( umber of users, file
siz t be d w load by any us , c.). In th pape we will label th total
n mber of ful RE (that is, th e for us r data) during a t me interval  t
by us ng the n a io :
Bandwidth, BW (MHz)
 OTTIR (%) = O
Fr me
E,
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T nd O tRE, T represe t, respectively, the to al umber of avail-
able (all) d over ead REs within the time in erv l  t. S p sc ip  
is t sup rflu us since t will assist us in modelin a variety of situation
with an un fi formal m. As will be mo eled in this paper, some overhead
componen s appe r only once per f me while others are repeated every TTI.
To proceed further with LTE capacity estimation t is convenient to con-
i er t at not all the bits are used to transport user data but lso to detect
5
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senintwomajorcategories.Thepower-controlbasedmodelsstudythe
combnatonofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodlsfocusonthcombi-
natinofthesysteconfigurationandthedta-rteproviionasafunction
oftheloaddistribution[15].Theperformanmodelistheheoptimized
soltitoprovidehedemandeddata-rateinthetargetarea,belowthebest
matchigystemconfiguration.
Cosideingtherequirementoftherate(load)basedmodeltohavean
accuraemeasureforeachcell’scapacity,inthisworkwepresetamathemat-
iclethodologytlcultthedata-ratprovisionformulti-usersenarios
foreachcellwithflxiblesystemconfigurationparameers.
3.PrblemStatement
Asmeioed,tpurposofthisworkitprposaethodologyand
algritstacurateyestimattheDLthroughputorcapacity(C[bit/s])
ofLTEsystesiralisticscenrsthatconidersthedegradationthatthe
di↵erntoveheadmechanismsproduce.
Intuitively,uethrogputincreasswiththnumberofuselREdur-
ingaiventmetervalofinterest.Thstieinterval canbeeither1
TIor1frae,depndigontheproblemahand(numberofuers,file
siztbeownlodbyayusr,etc.).Intipperwewilllabelthetotal
nuberfuseflREs(thti,tosfruseraa)duringtimnterval t
byusinghenotation:
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snotsupfluoussieitwillassistuinlgavarietyofsituation
witanunifiedforalis.Asllbedeledithispper,smeoverhead
oponspparolynceerfraewithersarepeatdeveyTTI.
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accuratemeasureforeachcell’scpcity,ithiswkweprentamthemat-
icalmethodologytocalculatethedat-rateprovisionformulti-userscenarios
foreachcellwithflexibleseconfiguatiparameters.
3.ProblemStateent
Amentiond,thpurposfthworkistoprposeamethdologynd
algorithtoccuraelyestimatethDLthoughputorcapaciy(C[bit/s])
ofLTEsystesirealisticscenaristhatcnsidershedegradationthatthe
di↵entovrheadmechanismsprduce.
Intuitivly,userthroughutincreaseswithtenumberfusfulREdr-
inggiventieintervalofintrest.Thistimeinterval tcbeeither1
TTIor1fram,dpendingontheproblemathand(numerofsers,file
sizetodownloadbyanyur,et.).Inthispaerwewilllablthetotal
numberofusfulREs(thais,thsforusedat)duingatieitevl t
byusigthnotion:
Ovreadpecntag
(withrspcttotavailableRE)
,BW(MHz)
 O
TTI
RE,T
(%)=
Frame
RE,T
A
rame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wreA
 t
E,T
ndO
 t
RE,T
rprnt,espcvely,thtotlnumbrofavail-
abe(all)dverhadREswithinthetieinrl t.Supescript t
isntsuperfluousincitillassitusiodelngavarietyofsituation
withanunifiedfrmalism.Aswilbemodldinipper,someovrhead
compentsappearonlyonceprfraewhileothersarerepeatedverTTI.
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Figure 5: Overh ad perc ntage (%), ith res ect to  tRE, T, as a fun tion of BW. Squared
symbols rep esents  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
6.2. S nsitivity f overhead on DCI leng LDCI
As a function of BW...
6.3. I fluence f Ng “PHICH Gr up Scaling Fac or”
As a fun tion of BW...
6.4. S nari 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available esources re assig d to a si gl UE wh ch i in th best reception
condi ions, the highest data-rate provisi can be expected. An accurate
over ead calc lations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that an be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Overhead pe centage (%) with respect to A tRE, T, as a function of BW. Squared
symbo s represents  OFraRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OT IRS
 OTTIRE T(%) = O
Fra e
RE, T
AFra eRE, T
⇥ 100
6.2. Sensitivity of overhead on D I length LDCI
As function of BW...
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6.1 I fl c ch co p t ct f BW
F r 1.4 is 31%. S is 91%...
F r 20 MHz is 16% S 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# # 15# 20#
!!!!!!!!!!!!!!!!!Sio in
or OFDMA-based e work, su h s L E, the vail ble od l ca b
s n tw ajor c g rie . T po -co tro bas odel udy t e
c b of e s m c nfi u a i and the servic ea a func ion f
SINR dis i ut o [ 4]. Th at -c ol b l f u n he combi-
n of y fi u a i n nd he d t -ra r vi n s a unc io
of he l ad distrib ti [15]. Th p rf r c o el is h he o ti ize
s lu i n vi h man ed da -ra i h rg re , l w h best
i g s fig r i n.
C nside i g he eq ir f t e (l ad) b d odel o h v n
c s f ch ell’s city, i k p n a m t-
c l m d l y t c lcul d - e rovision for ulti- r sc r s
a l fl xib sy c fi i r r .
3. P bl S
A n , th rp s f rk is t r p se a e d l gy nd
g r h s cu t l s t t D r gh t r c aci (C [bi / ])
of L E t s ali c sc n io h side s the rad n ha t e
di↵ n ov d ms pr uc .
I tui i ly, u u i c s s i nu o s f l E d -
g im t al f s . T is im t rv l   n b e r 1
I 1 f , depe i g p obl d ( u b r of us s, fil
s e b downl b u r, c.). I h s p pe w will l be h t t l
u b f ful Es ( i , o e f s r d ) u ing i i terval
by si g n t i :
  Fr eRE, T %) =
OFRE,
AFraRE, T
100
U tRE, T = A RE, T  O tRE, T, (1)
wh A R , T a d  tE, pr s t, r sp c iv ly, the al n mber f v il-
(al ) n v r Es wit i m i t rv   . S p r ript  
n s flu us si will a i us i mod li g v i t f sit a ion
h ifi fo l m. A ll b d l d i this pap r, ome ov h d
c p n p r ly c p f e il o h r rep d very TI.
o r ce fu t r wi h L E ci y e ti at it is conv i nt to c n-
sider at n a l h b s a se rans t us da a but al o det c
er s (f nst nc , Cyclic R an y Che k (CRC) b ts). Th us r dat
5
!!!!!!!!!!!!!!!!!Si i
F r OFDMA- ed w k, su s L , v il bl mo ls c b
se n w j c t go e . p w r-co rol a ed del stu y th
o a i f h s t c fi a i n vi a a fu ctio f
SINR distr u io [14]. T rat - l b d m f cu bi-
n f h s s c fig r nd d a- p ovisi n fu cti
f lo d i rib i [15]. h f m l i n op iz d
uti n p ovi th ded d t -r in h t ge a b l w t b
m tch g s fig i n.
C sid i g r q ir m t f th a (l a ) b d l to h v
cu a e r f ac c ll’s p ity, h s k re en a th ma -
c l tho l gy t l u at h t -r te rovision f r m lti- s sce ri s
f r c c l i fl x bl y t c nfig io r m er .
3. Pr l S t
As n d, h urp s f thi rk r o e m logy a d
l i t ccu ly s i t DL h ughpu ci y (C [bit/s])
f L E sys r l i s io h on s h g da ion h h
i↵ t c n pr c .
I i iv l , u r r ug i cre s i mb r f se ul RE dur-
i g v ti in rval f i . h i val  t c n b th r 1
TI or f , n i t pr bl t d ( u f ers, fi
size to b d w l by any etc. . In p p r will label tot l
u r f us f l R s ( h i , t s fo us a ) d ing ti t rval  
b sin t ti :
TTI ) =
OFraE, T
A r meR , T
⇥ 100
U RE, T = A tRE, T  O , (1)
w e A tRE T  RE, T repr n , r spec iv ly, he o l numb o v i -
ble ( l ) d ve ea RE wi hi h i nterv l   . S r cr pt  
is t rfl u i it will as u i ode i v i y of i tion
wi nifie r alis . As ll mo el d th s p per, s e ov a
pon s pp r ly onc r fra whil thers epea d ever TTI.
T pr ce d fur h r w th LTE cap ity ti at o it is c v i nt co -
id r at o ll th bi s r u e o t a s r u d bu a to det c
r s (fo instanc , Cycl c R u a cy C e k ( C) its). h us data
5
!!!!!!!!!!!!!!!!!Si i
For OFDMA-b d ne rk, suc a L E, e av il ble mo ls ca b
se n w aj t g r s. ow r-c trol bas d d ls stu y he
ombin i of t e ys m co figura n an he servic s fu tio f
SINR i r uti [14]. Th r e- l o els f cu th combi-
a i n f the yst figu ti a d da - ate p o i i as a func i
f lo d dis r butio [15]. T p rform c od l is h he pti iz
lu t pr v de th an d d a-r in h ar t are , bel th best
hi g sy c nfigura i .
C side i g h r qu of he a e (lo d) ba d del t ave n
ac ur u f r ea ll’ aci , in t wor we p e ent a m them t-
ca etho olo y c l l he a a- a r vi f r ulti-use sc n ios
o e c ell w t fl xibl syst m figu a i ar me e s.
3. P bl m nt
A en i ed, h pu s f t is work o p se h d logy an
ori t ccura ly es i t DL th o g put r capaci y (C [ it/ ])
f LT ystems n r l s ic c i s ide s th de d i t
di↵ere t ov r ad m n s s p od c .
I tuitively, us r hr ughp t incr se i h nu be f u ful RE d -
ing gi n ti e i t v l f i er s . is time i t rval  t c n be eith r 1
T I r 1 fra , d pen g o the p oble ha ( umb r f us r , fil
siz to b d l d b y ser, e .). I this p p r e will label th tot l
n m r us fu REs ( h is, os u er d ) d i g ti interval  t
by ng e n a ion:
B wi th, BW (MH )
I
RE, T(%) =
Fra e
E, T
A rameRE, T
⇥ 100
URE, A tRE,  O tRE, T, (1)
whe A tRE, T nd O tRE, T repres n , espectiv ly, t al umbe of av il-
abl ( ll) and verh a REs withi he ti in rv l . Su e sc ipt  t
is o superflu us sinc it ill s s i od ling a rie y of i u t on
w unifi d formalis . A wil be mod l d i s p p , som overhead
co pone ts pe r o ly once e fr e hil ers are rep ated every TTI.
To proce d fur h r w h L E capacity estim tio i i c nv nient con-
ider t t no ll t e bi s ar us d o a sp rt user da but also to detect
5
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ForOFDMA-basedntwork,sucasLTE,thevailablemodelscane
senintwoajorctegoi.Tepwer-cntrlbasedmodelstudyte
obinaionofsystmcfigurtioanteserviceareaasafunctionof
SINRistion[14].Therte-ontrolbsedmdelsfocusonhecombi-
tinofthesyseconfigurationdthedata-rateprovisionsafunctin
felddistibuon[15].Theperformcmodlisthenthoptimized
olutitopovidthedmaneddata-rateintetargetarea,belowthebest
machigstmconfigurin.
Cosidringtrquimentfterate(oad)aedmdeltohavean
accuamasrfoeachcll’scapaciy,inthisworkwepesenamathemat-
iclehodlogycalclaethedta-rateprvisionforlti-uerscenarios
forachcllwihflexiblesytcnfigratiparaters.
3.ProbleStateent
Antid,theprpseofhiswokitoproposemethodologyand
algrihacctlysiatehDLhoughpuorcapci(C[bit/])
ofLTEssilticscnriosttconirshegradtionthte
i↵ervrdcnismsprodc.
Itutivly,sthoghticraseswiththumberofusfulREdur-
ingaviminrvalfinteresTiimntervl tcanbeeithe1
TTIrfa,dependingtheprblemahnd(numrofsers,file
izetbdondbyanyuser,etc.).Ithispperwewilllabelthtoal
umbfusefulREs(thti,thserusedat)uringatimeinerval 
byusigntion:
Overheadpcntg
wiespectothevailabes
,BW(MHz)
O
I
RE,
(%)=
Fram
,T
A
Fra
RET
⇥100
U
 t
RE,T
=
 
RE,T
 O
 t
RE,T
,(1)
whrA
 t
RE,T
nO
 t
RE,T
reprsn,respctively,thetotalnumberofvail-
ble(ll)ehdREswithinthetientrva .Superscript t
istsuperfluouineiwillsistinmodengavrityofsitution
wtnififolis.Awillbedeldspar,someverhe
componntapparolyoncperframwhilthrsarrpatedevryTTI.
5
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ForOFDMA-basdwrk,uchasLTE,theavlbleodelscanbe
seeintwomajoctegories.Thepower-contrlbasdmodlsstudythe
cmbinationofhesystemcofigurtionandtheservicereasafunctinf
SINRdistribution[14].Theate-controlasemodelfocusonhecomb-
tionoftesystconfigurationandhedt-ratepovisinasafunction
ofteloaddistribution[15].Theperfrmancmodlisthntheoptimized
oliontprvidthedemandedat-ratinhetrgeaea,belwebest
mtchingsstemcofigaion.
Consideringtherequirmntoftherate(oad)basdmodelohven
ccuratemeurefachcell’scapcity,inthiswkwepresentamahma-
caletholgytocalcultdata-ratprovisionfrmuli-uerscenarios
forehcllithflxilesystmonfigutioparameters.
3.PrblemSttment
Asntiond,thepurposofthiswokistoprpoeathodologyand
lgithstocratlyestiatethDLthroughputorcapacity(C[bit/s])
fLTEsysiralisicscenasthtconsidertederadainthatthe
d↵rntvedmchanismspoduc.
Inuitivly,serthoughutincrseswihnmberfusefulREdu-
ingagivtiminevaierest.Thseintrval tcnbeeither1
TIor1fre,dpndingonthepoblmath(numberofuser,file
sizobdowlaynyser,c.).Intipapewewillleltttl
numbrofsfulREs(his,thosforusrdata)duingtieinterval 
byusigthenoation:
vrdperctag
(wihrepecttoteavilbleREs)
BW(MHz)
 O
TTI
,T
(%)
O
Frae
RE,T
A
Frame
RE,
⇥100
U
 t
RE,T
=A
 t
R,T
 O
 
RE,T
,(1)
whre
 t
RE,T
ndO
 t
RE,T
rprst,rsctiv,heotalumbrofavil-
ble(all)ndverhadREswihinthimeitervl t.Sperscipt t
isnotsuperfluoussicitllsitusimodeligvaritofsiution
withannifiedfomali.Aswillbemodeldinhiape,smoveha
comonetsappeaonlyoceprfrewilothrarrepeedvyTTI.
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F OFDMA-b s w k s c LTE, h v l l d ls c n b
s n i w a r c go i . T ow r- ntr l as odels t y th
c binatio f y figur ti h s vi rea s a function of
SINR di t u i [14]. -c ol bas mod focu t c mbi-
t sy figura i h t - a e prov sio as fu c i n
f l d strib n [15]. h f r nce mode i t the optimiz d
s l ti vi h t - t , bel e best
c n syst co fig r i .
C id r g q f th ra (load) b s o el to v an
cc e r f ’s c p cit , n s k we r s t-
i l d gy o l ul d t - a e r v io f lti-u r s n rios
r ach ll wi fl xib y nfigu ti n ar t s.
3. P bl S a
A o , he p rpo f thi k ropos metho logy a d
lg ri cc s i t h DL hro g p t or apa i y (C [bi /s])
f L E s s i eali i s i si rs he d g da ion h
i↵ e ve h ad a m odu .
nt i iv l , r t ou u e s ith he nu ber of useful E dur-
i g a give m erv l f int est. i i int rval   an be i h r 1
TI r 1 f ame, d p ing on problem a an (n e f u ers, file
siz b dow l d by er, tc.). In is p r w will lab l th o al
b o u ful E ( h , o fo se t ) ur g ime i erval  
by using th n t :
 OFr eRE, T(%) = O
Fra
RE,
AF ameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
h r  tRE, T a d
 
RE, T repr nt, resp ctiv ly, he t t l number of v l-
able (a l) and ver ad REs wi h t e e inter al   . Su rscrip  
is n t uperflu s sinc it will s ist us in odel ng a a i ty of s t ion
ith n u ifi d f r lism. As wi l be mod l d in this paper, som overhead
c po n s app ar only onc p r fra e whil are r pea ed very TTI.
T proc ed f rther ith LTE ca city e imati it is co v ni nt o c -
i er th not ll the bits ar used transport user dat but also to det ct
error (for in tance, Cyclic dundancy Ch ck ( RC) bits). The u er data
5
!!!!!!!!!!!!!!!!!S
F OFDMA- rk, suc L E, t a l l ca be
s n j r g ri s. pow - o l b s d o els s udy th
mb io f y nfig i an h rv c s a func i of
SIN b i n [14]. T rat - r l b d l f cu c m -
f sy e fi u n - provi s f nc ion
f ad di u i n [15]. Th f n e i en p imiz
lu i t p v d h d d - g t a , l the b
i g s figu at
C i ri g h q f t (l ) b s mo l h v
c f ’ c pa i y, his w rk w e n m t-
i l th d l y t c l u h d t -r pr vi i n f multi-user ce ari s
f r a h c ll w fl x bl y te c nfigu a o a t r .
3. Pr l S
A d, t p p of i w rk i r s t d l gy d
lg h c u t ly ti e the DL th oughput r cap ity (C [bit/ ])
L E y ems n r li ic c ri s a onsi egradation he
i↵e ent v r ea cha i produc .
In ui ively, u er ro g p i e w t h u be of seful RE dur-
i g a gi e time rval f i . his i e terv l   a b i her 1
TI r 1 fr m , d n in th p l d (numb f ser , fil
s z t be d l a by y us r, .). I th s paper w will lab l the otal
nu e of usef l REs (t at s, h f s r a) uring a ti in erval  
b ng ti :
 OTTIRE, T(%) =
Fra e
RE,
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE T, (1)
wh re A tRE, T a d O tRE, T res nt, r s ectively, the t tal number of av il-
ab (all) and verhead REs wit in th time i rv l  t. Superscri t  t
is n t superfluous i ce i will assist us i mo el ng a v i ty f si u ti n
with a unified formalism. As will be m deled i this per, ome overhead
co pon nts appe o ly o ce per fr wh le o h rs re r p a ed every TTI.
T proceed further wit LTE c p city estima io it is conv nient to con-
id r hat n t all h bits are used o tr nsport u d ta but l to d tect
err rs (for insta c , Cy lic Red ndancy Check (CRC) bits). The user data
5
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F r FDM -b s d w rk, s ch LTE, h av abl d ls c b
seen n wo m j teg r s. Th w r- n r l ba ed d s s dy he
o bi a of t s stem co fig r i d th vi e fu c n f
SIN i tri ution [14]. -co trol based del f u o e mbi-
n e ys e c figu tio a d the d ta- ate p visio s fun o
of l a i t u o [15]. T f r mo l is t n he pt mize
ol tio o rov de t e de d t - at i ar r a, lo the b s
tchi g system c fi ra io .
C si eri g th qui men of th r load) b ed m d l o h v an
ac urat easur for ch el ’s c pa i y, w rk p ese t a m the
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3. Probl S te nt
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i g a giv n time in rval of inter t. T i tim i terval  t c be eit r 1
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by s the not ti n:
Bandwidth, BW (MHz
 OTTIRE, T(%) = O
rame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T nd O tRE, T re resent, re pectively, th to l n mber of avail-
ble (all) nd ve hea REs within the ime in rval   Sup rscript  t
is no superfluous si ce t will ssist i modeling a vari ty of i u ti n
with an unified form l sm. As will be modeled in th s paper, some over ead
co ponents app ar o ly once pe frame hile ot r ar r peated every TTI.
T pr ce d furt er with LTE capa i y stimation it is conve ient to con-
sider t not all he bits are used to tran port user data but also to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
cmbiationofthesysemconfigurationandtheservieareaasafunctionof
SINRdistribution[14].Therate-controbasemodelsfocusonthecombi-
natiofthesystmconfigurationanhedat-ratprovisionasafunction
oftheloaddistribution[15].Tperfrmancemodelisthentheoptimized
soltiontprvidetedmandeddta-rteinthetargetarea,belowthebest
matchingsystmcofiguion.
Consideringtherquirementftherate(lod)basedmodeltohavean
accuratemeasureforccell’scpacity,inthisworkwepresentamathemat-
icalmetodologytocalclatethedata-rateprovisionformulti-userscenarios
foeachcellwithflexiblsystmconfigurationparameters.
3.ProblemStatement
Amentioned,epurposofthisworkistoproposaethodologyand
algrithmtoaccratelystimtetDLthroughputorcpcity(C[bit/s])
fLTEsystesirealisticscenriostatconsidersthedegradationthathe
di↵rentverhadchanissproduce.
Ituitively,userthrughputincreaseswitthenumerofusefulREdur-
nggventimintrvfitees.Thismeinteval tcnbeeither1
TTIor1frame,dependingontheprobleathand(umberofusrs,file
szetobedowloadbyanyuser,ec.).Inthispaperwewilllabelthetotal
nueofufulRE(htis,oforuserdat)durngatimeinterval t
ysingthenotation:
Ovrhedercen
withrspttheavillREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
Fme
RE,T
⇥100
U
 t
RE,T
=A
 
RE,T
 O
 t
RE,T
,(1)
wreA
 t
E,T
andO
 t
RE,T
rprent,resectively,thetalnumberfavail-
abl(ll)adrhedREswihithtimeinteral t.Superscript t
isnotsuperfluossiceitwillassistuinodelngavaietyofsiuatin
withufieforlism.Aillbmoeldinthispaper,smeoverhead
compotsppaolyocperfrmwilehersareepeatedeveryTTI.
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Figu e 5: Ov h d r age (%), with resp c t A tRE, T, s a fu cti of BW. Squared
symbol represents   Fr mRE, T(%)  OTTIRE, T( ).
 OTTIRE, T(%) = O
Frame
RE, T
AFramRE,
⇥ 100
6.2. S s ivity f verhe d DCI ngth LDCI
As a fu ctio f BW...
6.3 I fluence of Ng “PH CH G up Scaling Factor”
As a function f B ...
6.4. Scenar o 1: single ser. LTE Maxi um DL Data-ra
When the system is co figured with its highest p rameters and all the
available resources are assigned to a si gle UE hich i i t e best reception
conditions, the highest ta-r t provision c n be expected. An ac urate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest B of 20 MHz (NRB = 100 and P = 4)
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6.1. flu c e co n t funct f BW
For 1.4 i 31%. S s 91 ...
F 20 MHz 6%. 46%..
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# 15# 20#
!!!!!!!!!!!!!!!!!S i
F r OFDMA-b d two k, ch L E, h avail b e od s can b
s n i w aj c g r s. h ower-c r l b s d d ls stu y t e
c bi ti f h y t m c nfigu rvic f nctio of
SIN is i u [14]. - t l b s d o s f cus e c bi-
a o f e ys e fig t a a - t pr visi funct o
f dis ribu i [15]. T f ce odel is the ptim z d
l i vi t d -r i g , b l w th best
c g s m c fi io .
C id q rem f t ra (l ) ba o l h v
u f c l’ c y, n i w k we s nt a m -
i l d gy calcu a t -rat vi o fo l - r ce r o
f r e h i h fl xibl ys figu on p r e rs.
3. P b a e
A me , p po f this work i p p s t d logy a d
lgo h o accu el e ti h DL h oughp or c p i y (C [b /s])
f LT s ms i a ic c t c id r grad o th t t
i↵ t v c nis s p d c .
I tui iv l rou hpu cr a e ith he be f seful E dur-
i g giv i i v l f i s . Thi i l a b either 1
I or 1 f me, dep ing o pr bl d (numb r f users fil
z b do l ad y a , .). In thi p r we will l b l t t tal
b of us ful E (t t , t s for s r a ) r g i nterv l  
by u i g th n tat :
 OFr eRE, T(%) = O
F me
RE,
AFrameR , T
⇥ 100
U RE, T = A RE, T  O tRE, T, (1)
wh e  tRE, T a d O tRE, T r pr , resp cti y, th t t l umbe of av il-
abl (all) an ov rhead REs within e ti i t rv l  t. Sup rscript  t
i o superfluo s ince it ill ss t us in od ling a ariety of situation
with n un fi d ormalism As will b mod l d in t is pap r, some ov r ead
c mp en s app r n y once p r fram hile ot er are repe ted ever TTI.
T pr ceed f rthe th LTE c pacity estimati it is co venient to con-
si r t t not all th bits are used to transport user ata but also to det c
ror (for ns an , Cyc ic undan y C ck (CRC) bits). Th user data
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For OFDMA- n k, uch s L E, e v i bl m d l c n b
s maj r ateg ri . h pow - l ba d o l st y t
mb f e y fi u i an h rvic a fu ion f
SIN di trib [ 4]. e t -c b s d l c s n e co b
n ti f h fi r n nd -r p vi a fu c ion
l d i u i [ 5]. T rf c i n th p iz d
l n t v d nd d - n g t r a l w th b s
i g y m fig i .
C d ri g qu nt f (l d) s d l ve
c te m s r f r ach cell’ ca i i this w rk t a -
ic l d log t c lc e t -r e v for ul i ce ar o
f ch c ll ith fl x bl yst confi a on er .
3. P l S
s m t ed, h p pos f hi o k s t pr p e d l gy d
lg ri hm o ly i a he DL t r ughp or a city (C [bit/s])
f L y n li ic sc ri s hat si s he gra ti ha the
i↵ t v r c is s produ .
I uitiv ly, u o gh t r s s i t e nu be eful RE dur-
a given ti e nt rv l of intere . T i i t r l t c n b i r 1
TI r 1 fr , d i n th robl d (numb r f sers, file
s z be dow loa by y us , c.). I th s pap r we ll l bel to al
n b r of s ful REs ( i , fo ser a ) dur a ti in erval  
by using t ta i :
  TTIRE, (%) =
F am
RE, T
AFr mRE, T
⇥ 1
U tRE, T = A tRE, O tRE, T, (1)
w re A RE, T a d O tRE, T re res nt, re pectively, he o al numb r of a il-
able ( ll) a d overh a E within t e ti i rv  t. S pers ript  t
i n t supe fluou si ce i will ssi t s model ng a vari ty f situ ti n
with nified for alism. As will be o ele i this , o e overhead
c mponents appe r o ly once p r fr me whil others are repe ted ev ry T I.
T pro e f rt r with LTE c paci y es imation it is c nv ien t on
sid hat n t all he bit are used o tr nsp rt us d ta b t ls to detect
rr rs (for instance, Cyclic Redu d ncy C eck (CRC) bits). The user data
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F FDMA-b sed tw rk s as LTE, he v ilable dels c b
s en o maj r c t g ri . T pow r-co rol ba ed od ls s u y h
co bi tio f t sys e c fig r d the servi a as uncti o
SINR di t u [1 ]. T r - o trol s d s cu n the ombi-
t n f sy c figur i nd dat - at pr v i f c ion
of l d tr u i [15]. h f r anc o el s then the pt mize
soluti o r d e e de dat -r e n e r t area, l the be
atching ystem fig ra i .
C si ring h eq r m f r t ( o d) b s d mod l to hav an
accurate asu for ch l ’s c pa ity, i rk p e t m the at
i al meth logy lcul th d t -r te r isi n f r lti-us sc n ri s
ach cell wi h fl xib e sys e config rati p ram t rs.
3. Proble t te
As m n d, t p r s of thi w rk s o prop s a eth ol gy and
alg i h s o cc l ti at he DL th o gh r c acity (C [ /s])
of L y t s i e lis c scena i s tha on ide s the d gr dat on th the
d ↵ ren ov rh d ech isms du .
In ui ively, ser t roughput ncre s with h m r of us fu RE dur-
ng a ive t e in erval f inter s . This im i rval  t a be t r 1
TTI r fr me, pen i g on th proble a h n (n mb f us s, fil
size t be ownlo d by any us r, .). In this pape we will lab l the t t l
b r of u ful s is, th s f user dat ) u i g time i e val  t
y us ng he not tion:
Ban width, BW (MHz
 OTTIRE, T(%) = O
F ame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tR , T, (1)
where A tRE, T d O tRE, T re resent, r sp ctively, he to al umber of avail-
able (all) nd v head REs within the ime int rval  t. Sup rscript  
is n t sup rflu u si ce t will assist in ode ing a va iety of situati n
wi h an unifi formalis . As will be m deled in this paper, some over ead
co ponents app ar o ly once per frame while oth rs are rep ated every TTI.
To proce d fu ther with LTE c p city estimatio it is conve ient to con-
s er that not ll the bits a u ed t tra sport er d ta but a so to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationfthesystemconfigurationandthedata-rateprovisionasafunction
ofthloaddistribution[15].Teperformancemodelisthentheoptimized
solutprvidthedmdeddta-rateinthetargetarea,belowthebest
matcingytemcnfiguration.
Consideringthrequirementoftherate(load)basedmodeltohavean
ccurateeasurechcll’scapacity,inthisworkwepresentamathemat-
icalmethologyoalculatetheda-ratprovisionformulti-userscenarios
foeachcellwithflexiblystemconfigurationparameters.
3.PrblemStatement
Amenioned,epurposofthisworkistoproposamethodologyand
algorithmstoaccratelyestimaetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrlisisceniosthtconsidersthedegradationthatthe
di↵rntovrhdechansmsproduc.
Intitively,uethrughutincreasswiththenumberofusefulREdur-
ingivntimetvalofineres.Thitmeinterval tcanbeeither1
TTIo1fre,depenigntheprbleathand(numberofusers,file
sizetobedownloadbyayuser,etc.).Inthispaperwewilllabelthetotal
numbrofuefuRE(ats,toforuserdaa)duringatimeintervl t
byusithenotatio:
Ovrdprceage
ithrespecttheavilbeREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Fram
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
andO
 
RE,T
rprese,rspectivly,hettalnuberfavail-
bl(ll)andoerheadswiinthmeinterval t.Superscript t
stsfluussincitwilssistuinodelnavaietyofsituatin
ihnifidforlsm.Aswillbeodlednthispper,moverhead
cpontplycperfwhilersrrepaedeveyTTI.
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Fig e 5: Ov rh ad rc g (%), wit res ct to  tRE, T, s fu ctio of BW. Squared
sy b ls p sents  OFramRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
6.2. S si ivity of verh d on DCI length LDCI
As a f nction f BW...
6.3. Influence f Ng “PH CH Gro p Scaling F ctor”
As a function f BW...
6.4. Scen r o 1: single user. LTE Maximum DL Data-rate
When the ystem is configured with its highest p rameters and all the
available resources are assigned to a si gle UE hich i in the best rec ption
conditions, the highest data-r t provision c n be expected. An ac urate
overhead calculations that is cust mized with the system configur tion, pro-
vi s us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maxi um service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figur 6: v head r e tag (%), ith resp ct to A tRE, , as a function of B . Squa ed
symbo s r presents  OFr eRE, T( I, ). O TIT TAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFra eRE, T
⇥ 100
6.2. Sensitivity of over e d on DCI length LDCI
As a function of BW...
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6.1. I flue ce n ch po t s funct o of BW
F 1.4 i 31%. RS 91 ...
F 20 Hz 16%. RS 46%...
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!!!!!!!!!!!!!!!!!Siomina
F r OFDMA-bas d n tw k, such as LTE, t available ls can be
seen n wo m j r a egori s. T p wer-c t ol bas mod l study the
co in tion f h s st configu ati an he s rvic area as a f nction of
SINR d s ribution [14]. The r te-control b s d models focus on the combi-
na ion of the syst m co figu tio nd the d a-rat provisi n as function
f the l d di tributio [15]. Th p rfo manc model is then the op imized
lu ion to provide the dem nded dat -r e in the t rg t a ea, below the best
a c ing ys co figurat .
C nsideri g h equi ent of th rat (load) based model to have an
r e sur fo ch c ll’s capacity, in h work w pres nt mathemat-
i l et d l gy t calcul the d ta-ra e provision for multi-user scenarios
for e c ell with fl xi l syste config r tio p ra ters.
3. Problem St te e
As ntioned, h purp e f his work s to p opo e a ethodology and
lg ri s o c ly s i ate th DL throughput capaci y (C [bit/s])
of LTE s s i l s c scen r s ha c n id r the degra a ion th t the
i↵ r n ve h m chanisms prod c .
I tuitively, se ughput i cr a s wi the number of useful RE dur-
ng giv interval of r s . This ime interval  t can be either 1
T I r 1 fr , d pe g o the proble t hand (number of users, file
ze d wnload by n us r, e .). I this paper we will label the tot l
nu b of usefu REs hat s, those for us r dat ) during a tim interval  t
y usi g the n t tio :
 OFrameR , (%) = O
Frame
R
AFrameRE, T
⇥ 100
U tE, = A tRE, T  O tRE, T, (1)
wh A RE, n O RE, T rep ese t, respec ively, he to number of avail-
bl ( ll) ov r ead RE withi e time nterva  t. Superscript  t
i ot perfluous c it w ll a sist us i modeling variety of situa ion
ith a ifie for al sm. As ill be m del d in this pap r, some overhead
compon s ppear o ly once p f ame while ot rs r r peated every TTI.
To ro ed fu t r with LT capaci y esti a ion it is conveni nt to con-
i r t no all he its ar use o tra sport us r data but also to e ect
rro s (f r i stanc , C clic Redund ncy Check (CRC) bits). The user data
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F r OFDMA-bas netw k, such as LTE, t e avai able m dels can be
e in aj r c g ri s. The p wer-co trol b s d models study the
co i ation of y m config rati n and he service rea as a func ion of
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3.Prbltteen
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!!!!!!!!!!!!!!!!!Si ina
F r OFDMA-ba d ne work, such s LTE, th vail ble models can be
s i wo j c t gori . The p w r-control based models study the
c b io f h sys em c figura i n an th serv ce rea as a function of
SINR i t i t on [14]. The -con l based odels focus o the combi-
f h sys m co figu atio nd the d ta-rate provision as a function
of l ad distribu n [15]. The perf rma c mo el is n the ptimize
s l p ovid dema d d da a- e in the target area, below the best
m tc ing sy te o figu ation.
Co id ri g he r qui nt f h r te (load) based model to have an
c m u e for c cell’ capacity, in his work we p esent a mathemat
al ethod logy t c lc l e t data- ate provision for mul i- s scenarios
f e c c ll it flexib e system c nfiguration para eters.
3. Pr le S e e
As mentio d, th purpos of t is ork is to propose a m thodol gy and
lg ithm o c ra y stim e the DL r ughput or capacity (C [bit/s])
f LTE ys ms in rea stic scen rios that on i ers the degradation that the
di↵er n v he c ism pr uce.
In ti ely, user thr ugh ut incre ses with he number of useful RE dur-
i gi n ti int v l of i t rest. This time interval  t can be either 1
TTI r 1 fram , dependi g on the prob em at ha (number of users, file
s z to b do nl ad by any user, e c.). In this paper we will lab l the total
b r of u eful REs that is, tho e fo user data) during a time interval  t
by usi g the no ion:
 OFr meRE, T(%) = O
Fram
RE, T
AFr mRE T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w re A RE, T and O tRE, T re res nt, respectively, the total number of avail-
abl (all) and overh ad REs with n h ime int rval  t. Superscript  t
is not su erfluou since it will a sist us in modeling a variety of situation
wi h an unifi d formalism. As will be modeled in this paper, some overhead
c m o en s appear only once per frame while others are repeated every TTI.
To pr eed f t r with LTE ca acity estimation it is convenient to con-
id r tha no all the its are use o transport user data but also to detect
err rs (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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F O DMA-b s n t ork, such as LTE, th avai able models can be
s i two jor categ r es. T pow r- ontro ba ed m dels study the
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na o of h ys em c fig r ion the data-rat provision as a function
f a i ribu ion [15]. T e er r anc mod l is then the ptimize
l t o t r vide dem d da -r te in the t rget e , be ow the best
c i sys m c figuration.
C si i g quir nt f th e (l ) b sed model to h v an
ccur s e for ac cell’ , i his w k we p ese a mathemat
c l h d l gy o c l ul t th a a-rate pr vision for m lti- s sce arios
f r eac c ll wi flexibl syst m co figur ti n par meters.
3. Probl S at ment
A ti d, th pur ose f t is ork is to r p e a m thodol gy and
lg hms ac ur l estima e t DL t roughput or capa ity (C [bit/s])
f LTE ys ms in re l stic s nari s that o si ers he degradation hat the
d ↵er over a ech sms prod ce.
I uitively, u er thr gh ut i re ses with h number of us ful RE dur-
ing a gi n time in rval of i t r s . This im in rv l   can b ei her 1
TI r 1 fram , dep di g n t problem at ha d (number of user , file
size o b d wn d by any user, c.). In t is p per w will lab l the total
u b f s ful REs (th t is, those for user data) during a time interval  t
by usi g he no tion:
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w er A RE, T a d O tRE, T re res nt, respectively, the total number of avail-
bl (all) and v h ad REs within the time interval  t. Superscript  t
is not su erflu us s n e it will assist us in modeling a variety of situation
with an unified for lism. As will be modeled in this paper, some overhead
compo ents appear only onc per frame whil others are repeated every TTI.
o proceed f r her with LTE capa ity estimation it is convenient to con-
sid th ot all the bits are u ed o transport user data but also to detect
erro s (for nstance, Cyclic R dundancy Check (CRC) bits). The user data
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F r O DMA-b d n t ork, u h a LTE, the ava labl models can be
s i wo majo c t go s. The ower- n rol b s d m d ls study h
c mbin i of th system config r tio nd the s rvice area as a funct on of
SINR distri utio [14]. he t -con rol ased odels f us on the combi-
tion of th s t m c fig ration and the data-rate pr v ion as a function
o h l ad distributi [15]. T e rform nce model i then he optimized
sol tio to pr v de a de dat -rate in t e t rg t ar a, b low he b st
m c i g ys m c figuration.
C sideri g th equireme t of the r te (loa ) b s d m del to have n
c ra m asure fo e ch cell’s capa ity, in this work we presen a ma emat-
cal m th d logy to alculate the d t -r e provisi for multi-user scenarios
for eac c ll with fl xi le sys em configuration parameters.
3. Pr bl m St e e t
As me ion d, th p rpos o his work is to propose a method logy and
l or th o accurat y e ti a e the DL throughput capacity (C [ it/s])
of LTE s s ems in re lis ic sc narios that consi ers the degrad tion that the
di↵er nt v rh ad mech isms produce.
Intu tively, s ro ghput cr ases with the nu er of u eful RE dur-
ing a give time int val of inter st. This time in rval  t can be either 1
TTI or 1 frame, dep nding o the problem at hand (number of users, file
size o b downlo d by any user, etc.). In this paper we will label the total
numb r f us ful REs (th t is, those for user data) during a time interval  t
by us ng th notation:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T d O tRE, T epr sent, respectively, the total number of avail-
able (all) n overhead Es within the time int rval  t. Superscript  t
is n t sup rfluous s nce it will assist us in modeling a variety of situation
with an unifi d fo malism. As will be modeled in this paper, some overhead
co pon nts app ar only once per frame while others are repeated every TTI.
T proceed fur r with LTE capacity estimation it is convenient to con-
sider that ot al the bi s are u ed to tra sport user data but also to detect
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,teavailablmodelscabe
seenintwomajorctegories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationdtheservicaraasafunctionof
SINRdistribution[14].hrat-conolbasedmodelsfcusonecbi-
natioofthesysteconfigurationandedata-rtpovisinsafuntion
oftheloaddisribuion[15].Theperformancmodlisthnthoptimized
solutiontoprovidthedemandeddata-ateithetagetare,belowthebst
matchingsysteconfiguration.
Consideringtrequireentoftherat(load)basedmodelohaven
acratemeasureforeachcel’scapcity,ihiworkweprestmaema-
icalmethodologytocalclatethedata-rateprovisionfomult-userscenarios
foreachellwithflexibesysemcfiguatinprmers.
3.ProblemStaemet
Asmentioned,thepurposofthiworkistopropoeametodologyad
algorihmstaccuratelystimtthDLthroughputorcapacity(C[bi/])
ofLTEystemsirelisticscenariosthatconsierstheegradatiothtth
di↵eetovheadmechanismsrduc.
Inuitivly,usrthoughputincraseswithumberofusfulREdu-
ingagivemervaloitret.Thistimeitervl cbeiter1
TTIor1frme,dpndingonthproblmathad(numberofusers,file
siztobedwnloadbyyur,tc).Intispapwewlllabltttal
nubefuefulREs(hatis,thosfrsrdata)durngtimeieval t
byusigentn:
Ovrhadprcentage
withreptotheavalableREs
,BW(MHz)
 O
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RE,T
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RE,T
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Frae
RE,T
⇥100
U
 t
RE,T
=A
 t
E,T
 O
 t
RE,T
,(1)
whrA
 t
RE,T
aO
 t
RE,T
rprse,rstively,hetotlumberofvail-
abl(ll)dorheadREithineimineval t.Suerscript 
isnspefluoussiiwillassiuimgavriysiuaion
withanunififoralis.Ailbmodeledinsserad
compnsppalyceprfrailehearrpeveryI.
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ForOFDMA-basednework,suchasLTE,thavailablemodelscanbe
senintomajorcategories.Thepower-contolbasedmodesstudythe
combiationofthsystemconfigurationandtheserviceareaasafunctionof
SNRdistribution[14].Therate-conrlbasedmodelsfocusothecombi-
atiofthesstemconfigurationanthedata-rateprovisionasafunction
ofthloaddistribution[15].Theperformancmodelisthentheoptimized
solutiontoprvidethemandeddata-rateinthetargetarea,belowthebest
tchingsytmcofiguratin.
Cnsideringtherequireentoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inhisrkwepresentamathemat-
icalethodologytcalculatethedata-ratprovisionformlti-userscenarios
fechcellwithflxiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioe,heprpseofthisworkistprposemhoologyad
alrithstoccurlysimatethDLthrougpuorcapacity(C[bit/s])
ofLTEsstemsinealiticscenaristhatconsidersthedegradaiothatthe
di↵entverhdmchnsmsprodu.
Intuitively,userthroughputincreasesiththenumberofusefulREdur-
ingagivetimeintervalofnerest.Thstminterval tcabeiher1
TTIo1fame,dependingonthproblemahad(numberofusers,fil
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byusigthotaton:
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Fig r 5: Overhe d percen g (% , with respect to A tRE, T, s a functi n of BW. Squared
sy ols r pres n s  OFrameR , (%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivi y of overhead on DCI lengt LDCI
As a function of BW...
6.3. I flu ce of Ng “PHI H Grou Scal ng F ctor”
As a func ion of BW...
6.4. Scen ri 1: si gl user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resourc s are ssigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
ides us with the ex c amount of useful resources that can be assigned for
data-tra smission.
Considering the maximu service provision capabilities of LTE, for max
data-rate calcul tion, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
1 I fl ac t as a f nc n of BW
F 1.4 31%. RS is 91%...
For 20 MHz 16%. S 46%...
10#
15#
2 #
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3 #
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!!!!!!!!!!!!!!!!!Siomi a
F r OF MA- as d etwo k, su h LTE, th vail ble models can be
s i wo jor c t gori . The p w r-co trol based odels study the
c bin t on of he y m co figura on an the serv ce area as a function of
SINR i o [14]. Th t -contr l b s d mo els focus on the combi-
n ti ys m c figu a io n d ta-r te p ovision as a function
of t l a i trib [15]. The p rf c model is hen the ptimize
ol io pr v de h de nd d d ta- te n the target rea, bel w the best
ching sys co figur ti .
Co ide i g he r quir n f t r t (lo d) based model o have an
c ra e m a u o c cell’ capac ty, this wo k w p sen a ma hemat-
i l eth d l gy o c lculat t e dat - at rovision for multi- s s e arios
f r ch ell it fl xib e system configu at on parameters.
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by using the o a n:
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Fram
RE, T
AFrRE T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
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ble (all) an overhead RE within h time in erval  t. Superscript  t
is s erfluo si c i will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
com o s appear only once per frame while others are repeated every TTI.
T proc d fu he wi h LTE capacity estimation it is convenient to con-
sider that not ll bi s are used to tra sport user data but also to detect
rors (for ins ance, Cyclic Redundancy Check (CRC) bits). The user data
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m tc g e fig ra i n.
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f r e h c ll i fl xibl syst m configur tion par t s.
3. Pr bl Sta em nt
As n oned, the pu pos of i wo k is to prop se a m odology and
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is not u erfluo si ce it will assist us in modeling a variety of situation
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c m o en s appear only onc per f ame whil others are repeated every T I.
o proceed fur her wi h LTE capa ity estimation it is convenient to con-
side tha ot all t bit are u ed o transport user data but also to detect
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F r O DMA-b sed netw k, su a LT , the availa le dels c be
s i jo c t g ies. The power-c n rol based mo ls stu y he
mbi io the syste config r tion nd t s rvic area as fu ct on of
SINR distribu n [14]. The rat -cont l s d m d s f c s on the combi-
nati f t s t c fig ration and the ata-rate pr v sion a function
of t l d tribut n [15]. The p formanc mod l is the the opti ize
o io to vi h d manded d t -rate n e t rg t area, b low he b s
m ch ng sy t c nfigura ion.
C si ering the equireme t of the ra e ( oad) bas d model t have n
c rate asur fo e c cell’s capa ity, in this wo k we present a ma e at-
ical meth dology to calculate the d t -ra e pro isi for multi-user scenarios
f eac ce l wit fl xi l syst m configur ti n paramet s.
3. Prob m S atem
As mention d, he purpose of thi w rk to propose a metho ol gy and
l ri hms o ccur tel im t the DL th oughput o c pacity (C [ i /s])
f L E sys ems in realist c sc n ri s that considers the degradation that the
↵e t ov rhead m ch i ms pr .
Intuitiv ly, us r oughput r a es w th the u ber of useful RE dur-
ing give tim interval of inter st. This ime in rval  t can be either 1
T I or 1 frame, d p d g o the problem at hand (numb r of users, fi
size o downl ad by any us r, etc.). In t s pap we will l b l th total
number of useful REs (that is, th se for user data) during a time i t rval  t
by us ng the ion:
Ba dwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O R , T, (1)
her A tRE, T and O tRE, T pre ent, respectively, the to al umber of avail-
able (all) nd verhead Es withi the time int rval  t. Superscript  t
is no sup rfluous si ce i will assist us in modeling a variety of situation
with n unifi fo mal sm. As will be mod led in this paper, some overhead
com onents ppear only once per frame while others are re eated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
i er that not all the bi s are u ed to tra sport user data but also to detect
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ForOFDMA-bsednetwork,suchasLTE,theavailablmdelscabe
seenintwomajorcategories.hepower-controlbasedmodelsstudythe
combintionofthesystemconfigurationandtheservicereaasafuctionof
SINRditributin[14].Therate-controlbasedodelsfcusontecobi-
nationofthesytmconfiguratinandtedta-rateprovisiasafunction
oftheloaddiribun[15].Theperformancemodelisthentheptimizd
solutitoprvidethedmandeddat-rateithetargetara,blowthebst
matchingystemconfiguratin.
Considrngtrquiremetofther(load)baedmodeltohavan
accrtmeasurforacll’scapaciy,ithswrkwepresentaa-
icalmethodlogytcalculatehdata-atrovisionformulti-urscnrios
forechcllithflexiblsystmconfiurationparametrs.
3.ProbleStent
Amenioned,hprposeofthiswrkistoroposeamehodolgyan
algoritmstoaccratelystimatehDLthrughptorcpcity(C[bit/s])
ofLTEysemsirealiticscnariotacsiersthedgradationththe
di↵reoverhadmechanismspruc.
Iuitively,etroughputicreasswithhnumbrofusefulRur-
inggivenmeitvalfiteret.Thistieintrvl cabeiter1
TTIor1fr,depenngonthroblathad(nmberofusers,fil
sizeobdownloadbyyur,ec.).Ithspaperewillabelthl
numberoffuREs(hatis,thoseforserdata)duingatiinterval t
byuinghenti:
Ovrheadpercenag
wthreectothevilableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
R,T
⇥100
U
t
R,T
=A
 
E,T
 O
 
RE,T
,(1
whrA
 t
RE,T
nO
 t
E,T
resntrsptivly,htlubofvai-
able(ll)andohedREswhietiml t.Spp 
isntupefluossiiwillassuilgvityfsiti
whnunififrmlism.Asilbledipovrhd
cpntsparcpfraeilesrrpaeveyTI.
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basenetork,suchasLTE,theavailabemoscnbe
senintomajorcategries.Thepwer-contolbasemodelsstdythe
combinationofthesystmonfiguationandtheservieareaasafunctinof
SINRdistribution[1].Therte-controlbasedmodelsfocusothecombi-
ntionofthesystemconfigurationandtheta-raeprovisionasafunction
oftheloadisribuion[15].eperformancemodelisthentheoptimized
solutionoprviethedemandeddata-rteinthtrgetarea,belowthbest
chigsysmconfigurain.
Csideringtherequirementofterate(load)badmodeltohavean
accuratemesureforeachell’scciy,inthiskweprentmthemat-
iclmethodlogytocalcultthedat-rateprovisinformulti-userscenaios
foreachcellwithflexiblesytemconfigrationprameters.
3.PoblmStatement
Amentiod,thprpoefthiswrkistopposemethodlgya
alorithstoacuratelyestimateteDLthoughpuorcapaciy(C[it/])
fLTEsystmsirealisticscenaristhatconsiersthedegradatinthatth
i↵erntoverheadmehanismsproduce.
IntutvlyuserthroughputinceseswiththenumberofusfulREdur-
igagivimeintervalofinters.Thistmeiterval tcnbeiher1
TTIo1frame,depedignthproblematand(numerofusers,fil
sizetobdownloadbyayur,etc.).Ithispaperwewillabelthetotal
nuberfusefulREs(thais,thseforusrdat)durigiintevl t
byuingthnotion:
Oadpercntage
(withrespecttotheavailableREs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fre
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
E,T
,(1)
wheA
 t
RE,T
andO
 t
RE,T
epreent,especively,thtotlumberofavail-
abe(all)andverheadREwthnthetimintrl t.Spescrip t
isntsupefloussincitillssitusinmodelingavarieyofsituaio
withnfiefrmalis.Asillbemodeldinhipaper,somvrd
copoetspparnonceprfrmwietrsarerepetedverTI.
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Figur 5: Overh d p rc nta e (% , wi h res ect to  tRE, T, s a functi n of BW. Squared
sy ol repr n s  OF amRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
6.2. S sitivity of overhea on DCI length LDCI
A nc i n of BW...
6.3. I fluence f Ng “PHICH Gr up Scaling Factor”
s a functio of BW...
6.4. Scenario 1: si gle user. LTE M ximum DL Data-rate
When the system is configured with its highest parameters and all the
availabl resources are assigned to a single UE which is in the best reception
conditions, the high st data-rat pro ision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Fig r 6: v rhead percentage (%), wi h resp ct to A tRE, T, as functi of BW. Squared
sy s repres nts  OFramR , T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 O TIRE, T(%) = O
Frame
RE, T
AF amRE, T
⇥ 100
6.2. Sensit vity of over ead on DCI length LDCI
As func io BW...
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6.1 I flu n c c m n nt a f c ion f BW
F 1.4 is 3 %. RS i 91%...
F 20 MHz is 16%. RS 46%...
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F r OFDMA-based netwo k, such as LTE, the available odels ca be
seen i t o jor c tegories. The po er-control based mod ls study the
co bi tio f th yst m onfiguration and t e ervice re s a function of
SINR distributio [14]. The r t -contr l base models focus on he combi-
ion f h yst c nfi uration a d t -r t provision as a function
of he l d distrib ti n [15]. The perf a c odel is then t e optimized
s luti n to pr vide d m nd d data-r t i the targe ar a, bel w the best
ch g syst m configur ion.
Con id ri g he quir e t of he ate (lo d b se mod l to ave an
cc r t ur r ach c ll’s c acity, in his wo k we pre ent a ma mat-
ical m t od l gy o c l ulate th dat -rate provisi for ulti-us r scen ri s
o e ch ll w h flex bl syst m c figuratio p ra ters.
3. P b S at t
As ion d, the urp s of his w rk is to p opose a m thodology and
lgo it ms c urat ly esti ate the D throu hp r cap city (C [bit/s])
f L E s i li ic c nari s that consider e eg dation that he
↵e n v a m ch sm pr duce.
I tuit v y, r t g put n eases wi t e nu b r of seful RE dur-
i g a v i in rv l of i te est. T i i e i ter al  t can b ei her 1
I 1 fram , p ding n h ro le t h nd (nu ber of users, file
ize to b dow l by a use , etc.). I this paper w will label e total
n mb of s ful REs (th i , t o f r us r d a) duri g a ti e interva  t
by us h tati :
 OFraRE, (%) = O
Fra e
RE
AFrameE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w e E, a
 t
RE, r r sen , respec ively, he tot l n mb avail-
ble ( l) d verh d R wi hi e ti e int rval  t. Superscript  t
s perflu us si ce it will ass st us in mod li g a va iety of si uation
i h an unifi d f r ism. A will be odeled in this aper, so overhe d
comp n nts p r only nce p r frame hile others are repeated every TTI.
o ro e ur er w h LTE paci y stimat it is conv nient to con-
s n t ll he bits a to trans o user a but also detect
r r (fo t nce, C clic R ancy Ch ck (CRC) bits). Th user d ta
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Fo OFDMA-base net ork, such as LTE, the vailable models c n be
s in two jor c t gori s. The p w r-c ntr l a ed models study t e
c binati f h ys m c nfig ratio d t e er ce area s fu cti n of
SINR i t ibu i [14]. T r -control se el f cus n the c mbi-
o sys e nfi urati n d t da a-r p ovi i n a f nc ion
o th l d st [15]. T p rfor nc l is hen the optimiz d
s luti to p ov e a d data- ate i t rge ar a, b ow the best
tching syste configu atio .
Co si ri g qui nt of the ra e (lo d) ba ed odel to have an
ccura su for ch c ’ c y, n is work w pr s nt a em t-
ic l th d ogy t calc la t t -r te provisio f r lti-user s e ri s
for a c l wi h flex bl syst c figur i p r e s.
3. Pro l m S eme
As tio t purp s f t i o k is o r pose a m thod l gy a
a gor t o ccur t ly es i at h DL t ro ghp or c paci y (C [bit/s])
f LT st s in r l i e ar os at s ers h gr ion tha the
r ov r ch n m pr uce.
In i y, r r ugh u i c eases w th th umb r of useful RE r-
i giv e v nte . s im interval  t can b eit er 1
TTI 1 f me, nding n he p lem a hand (n of users, file
z o be ow l a by a y s r, e c.). In thi p per we will l el the total
b r f us f l s (t t is, thos for us r da a) uring ti e inter a  t
y us g t ot i n:
  TTIRE, T( ) =
OFrameE, T
AFramRE,
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
whe A tRE, T d  tRE, T e n , respectiv ly, th to l nu b r of avail
abl (al v wi hin the t e i e val   . S perscript  t
s s rflu us si ce it will assist u in model ng a vari ty of situation
w th u ifi d for lis . As il b d in t aper, s m ve d
o n n s pp ar onl nce per fr me hile others ar rep ated every TTI.
o e fu r wi h L E c p ci y e i ti it is c nve i nt to c n-
i r a not all the bi ar use to tra spor user dat but also to det ct
r (f r i st nce, Cy lic R d ndancy Check (CRC) bits). Th user d a
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F r OF MA- as d two k, s ch as LTE, t e vailable mo els can be
s e i two m jor c t gorie . The p wer-c n r l b s d o ls s u y he
c m i ti f sys configurati n nd the serv ar a as a function f
SINR istr buti n [14]. The e- o trol ba d odels f u n t combi-
n ti of he sys co figura ion an he ta-r t provision a a function
of he l ad d s ri ut n [15]. T e perfor anc mod l i th the op imized
solutio vi th dem n ed data-rat in the rg rea, elow th best
m t hing sys e onfigur t .
Consid ri g the r quire ent of the ra (lo d) based od l o have an
u a u f ach cell’s c p city, i thi work e pre ent a mathem t-
ic l t o l y to calculate he t -rat pr v ion for ul i-u er sc n rios
f r each cell wit fl xible sy t m c figurati para e ers.
3. Pr bl S at
As m on d, he purpos of is work i to propose a ethodology an
lg rithm cc at ly im t t e DL t ug put or capaci y (C [bit/s])
of LTE sys n realisti sce ar os that c ns d rs he d gradati that he
di↵ e t over e d ha isms ro u e.
I ui iv ly, s th h ut i c e se w the nu ber of us ful RE ur-
i g a giv i i er al of int res . This time nterval  t can e either 1
TTI r 1 fr m , pen i g on th probl m t a d number of users, file
size b dow load by a y us , etc.). I hi aper we will label the tot l
mbe of us ful REs (th is, ho e for ser dat ) uring a ti e inter al  t
by u i g the nota i n:
Ba dw th, BW (MHz)
 OTTIRE, T(%) = O
Fram
E,
AFrameRE, T
⇥ 100
U E, T = A tRE, T  O tRE, T, (1
here ARE, T nd O tRE, T r pr s n , r spectively, the to al number of vail-
abl (all) nd ove h d REs within the ime n val  t. Superscript  t
s no supe fl o ince it will ssis us in od ling a varie y of sit atio
w h an u ifi d f rmalism. A will b m del i his pa er, some over ad
comp nent p ear only onc pe fram while ot ers re r pea ed ev ry TTI.
To pro d fu t r with LTE c pacity estim tion it is co venient to con-
d ha ot all the bit are u d to tr nspor user data but also to detect
5
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F r FDM -ba ed n twork, such as LTE, the v ilable models can be
w aj ategories. Th w r-c trol ba d m dels study the
o bi i of t sys em configurati n d the e vice re s a fun ion of
SINR i ib i n [14]. Th e- r l b s d models fo us o t e combi-
t f sys m c fig r ti n nd th data-r te r vision as a function
of l ad i ri u [15]. T perf a e d is h the ptimized
l pr v d a dat -r t i th arg t ar a, below best
t h y m c fig n.
C s e ing t e r qu nt of e rate (load) bas d mo l to have an
e sure f r ll’s c aci y, in t i wo k we rese t a mathemat-
ic e h dol gy o c late da a-r provi i for mul i-user sc n ri s
f r c ll wi h fl xible yst c figur t o p rameters.
3. Pr Sta t
As m io , p p of this rk o pr p s e hod logy and
lg rit ms t u y estim the DL throughpu or cap city (C [bit/s])
of LTE sys s i r l tic sce r os h t con iders th degr da ion that the
di↵ v r e h n sms pr uce.
I uitiv l , use t u u inc eas s wi t num r of useful RE dur-
i g a gi im int rval of in erest. This time i terval  t can be e ther 1
I 1 me, p d g on e proble a ha (number of users, file
siz t b d w l a by n s r, tc.). In his pa r we will lab l the total
b f u f l REs (th t i , tho fo user da a) du ing a time interval  t
by u ing he n a ion:
Fr e
RE, T(%) =
OF amRE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  ORE, T, (1)
wher A RE, T nd O tRE, T rep nt, resp ctively, the to al number of avail-
abl ( l d o he d REs within the time interval  t. Superscript  t
t s p rfl us since it will assis us in modeli g a ariety of situation
w h u ified fo m sm. As will be modeled in this pap r, some overhead
co ne s pp ar o ly onc per f am whil others are repe t d every TTI.
T proc d f rthe with LTE paci y es im tion it is conv nient to con-
der that not ll the bits are used to transp rt user data but al o to detect
ors (f r i sta c , Cyclic Redundancy Check (CRC) bits). The user ata
5
!!!!!!!!!!!!!!!!!Si i
F r F MA-ba tw rk, c as LTE, availa l ls can be
see w j c t go i s. T e wer- ontr l based dels study the
o i f th yst nfigurati a d h s ice are s a func i n of
S N i ib i [14]. T ate-c n l d d ls f cus n t e combi-
t on f h s s m c fi r tio and the da a-r provision as a functio
f h l d d ib i [15]. Th rf m nc odel is hen the ptimized
s luti n t ovi th n ed d t -r t in th arget a a, below best
a c ys fig r i n.
Co i e ng h eq r e of e (lo ) base mo l to h ve n
ccur s c c l ’s c c y, i this w k we r s mathemat-
c l m h l gy o l l e d a-ra provi i n for ul i-user sc nari s
f r ac c ll wi h fl xibl syst co fig r p ra et rs.
3. P bl S a nt
A m n o , e p se f this work i o p pose m t od logy and
ri t cur te y estim he DL throug pu r cap i y (C [bit/s])
L E yst n r l t c sc n i s t c sid rs the degrada ion th th
i↵ nt verhe mec is s produ e.
I uitiv ly, us r rough ut incr ases w th th numb r of useful RE d r-
g g v i e i rv l of i res . This tim inter al  t can b h r 1
TI r 1 f a , p g on the p blem at a d (nu ber of users, file
s ze t d l y an user, e c.). In his paper we will lab l the total
be of u ul E (that is, tho e fo user d t ) u ing a time interval  t
by h n a ion:
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w A tRE, T an O tRE, T repr sent, respectively, the total number of avail-
able l) a d ov a REs w thin he time interval  t. Superscript  t
is o uperflu us si ce i will assist us in mo el ng a v riety of situation
it an nified or lism. A will be modeled in this paper, some overhead
compon nts pp ar only once per f m while others are repeated every TTI.
To proc e further wi h LTE capacity estim tion it is conv ni nt o con-
ider h n t ll h bits re u ed o tr nsport us r ata but al o to det c
err rs (f r insta ce, Cyc ic R undancy Check (CRC) bi s). The user data
5
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For OFDMA- ed n rk, s ch LTE, the avail ble dels ca be
n i two j gor s. h p w r- n l b s d m d ls study he
bi of yst m c nfigu ti nd the s rvic ar a s functi n of
SINR distrib ti [14]. Th ra e-c ntrol s d els f cu on th co bi-
ti f y m c fig a ion a d he a- te p visio as a fu c ion
of th l ad distribut [15]. T e perform nce model is th n h optimiz d
olu ion o p ovi de ded ta-ra n the t rg t ar a, b low th best
t g sy te o figurat o .
Con deri g r qui em t of the rat loa ) b sed model to ave a
a c ra as r fo each c ll’s capa ity, this work w pr sent math at-
c l h d gy t alcul te th data-r te provision f r multi-us r scen rios
for c c l fl xibl sys em configura ion parameters.
3. P bl S e t
As m n ion d, pu po e of his w rk is to pro s et odology and
al ori h to ccurat ly sti at the DL throughput r capacity (C [ i /s])
of LTE sy t i ealis ic sc a ios t a c nsi ers the degr dati n th the
di↵erent ov rh ad m c a isms produce.
Int i ivel , u e th ughput ncrea es with he numb r of useful RE dur-
i g given im in erval f in r st. This t m i terva   can b either 1
TTI or 1 f am , d ndi g on t e probl m at h nd ( umber of users, file
iz o be wn o d y any user, tc.). In this p per we will label he t al
number of useful REs ( hat is, h s for us r a a) during tim int rval  t
by u ing th n ation:
Ba dwid h, BW (MHz)
  TTIRE, T(%) =
OFrameE, T
AFrameRE,
⇥ 100
U tRE, T = A tRE, T O RE, T, (1)
whe A tRE, T an O tRE, T represent, respectively, the total number of avail-
abl (all) o head REs within t e time int rval  t. Superscript  t
s n t superflu us sin e it will assist us in modeling a variety of situation
with an unified fo malism. As will be m dele in his p per, some overhead
comp n nt appear only onc per fram while others are repeated every TTI.
T pro e d further with LTE capa i y estimation it is convenient to con-
sid th t not all the bi s are used to transport us r data but also to d tect
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!!!!!!!!!!!!!!!!!Simina
ForOFDMA-baednetwork,suchasLTE,theavailablemodelscabe
seenintwomajorcaegoris.Thepower-controlbasedmdelsstudythe
combinatiofthsystemconfigurationandtheserviearsafucionf
SINRdistribution[14].Therate-conrolbasedodelsfcusonthecomb-
ntionofthesystmconfigurationandthedata-rateprovisisafucto
oftheloaddistribuio[15].Theperformncemodlitenteoptimized
solutnoprovidhedmandeddata-rateinthargetare,elowthbes
mathingsystmfigurtion.
Cosieringthreqiremenfthrat(load)bsemoelthaven
accratemeareforechcell’scapacity,inthisworkersntamamat-
icalmtodologytocalulatethedta-teprovisionformulti-usrcnario
forehcellitflexiblystemcfiguratnparameers.
3.ProblemStatmnt
metioned,tepurpoeofhisorkistorposmetlgyand
algorithmsoacurtelystimateteDLthrougpurcapacit(C[bit/s])
ofLTEsystmsirealisticscenarioshatcnsiderthedegradtionthhe
di↵ernoverhamechanipruc.
Inuitiely,usroughpuincreseswiththuofsfulREdur-
ingiventimeirvlofinteret.Thistimintrvl cabeither1
TTI1frae,dpdigotproblmhd(mbrfusers,file
siztoedowladbyayuser,tc.).Inthipperwwilllabelteotal
nuberfsefulR(tatis,thoefousrdata)durngietrvlt
byuigthentti:
Overheadpercetage
witrspttotheavailble
BW(MHz)
O
TTI
RE,T
(%)=
O
Frme
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 
,
O
 t
,(1)
wrA
 t
RE,T
dO
 t
RE,
erse,repetivl,thetotalnbaval-
bl(l)ehdEshhetimrval t.Supscipt t
intsupeflunceiwilassstnodelvatyituat
wihunifidfomals.Aillbdelnipaersmeoverhad
cmpnlyoerframwilthrpatevryTI.
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ForOFDMA-basednework,suchasLTE,theavailablemoelscanbe
seenintwojrcategories.Thepwer-controlbsedmodelsstuythe
cobinatonofthsystmcofiguratinandhserviceareaasaunctionof
SINRdistibution[14].Thrate-contrlbasedmodelsfocuonthecombi-
nationfthesystemconfigurationandtdata-ateprvisinasafunctin
ftheloaddistribution[15].Theperformancmodelisthentheoptimized
soutiontoprovidethedemanddata-rateinthargeara,belowthebest
chingsystemconfigurton.
Consideringtherequimetofthere(load)bsdmodeltohavean
accuratemsureforeachcell’capacity,intisworkweresentamathmat-
icalmthodologytocalclatethedata-rateprovisioformuli-userscnarios
foreachcllwithflexiblesystemcofigratoprameters.
3.ProblSttment
Asentioned,thepurposeofthisworkisoprposeameoologyand
gitmstoacuratelyestimatetheDLtroughputorcapacity(C[bt/s])
ofTEsystemsinreisticscenrithaconsidrsthdgrdationhtthe
di↵ertoverheadmechanismsproduce.
Intuitiely,troughputicraseswiththenumberofusefulRdur-
ingagivetimeiervalfiterest.Thistieinterval tcnbeeit1
TTIr1fme,dpendingontheroblemathad(nuerofsers,file
szetobedownadbyauser,tc.).nthispaprwewlllaelthetotal
umberfusfulREs(ais,thoseforudat)ringatieiterval t
byuighentin:
Oveadpercntge
(withrepectthvailableREs)
,BW(MHz)
 O
TTI
E,T
(%)=
O
Frame
E,T
A
Fram
RE,T
⇥100
U
 t
RE,T
 t
E,T
 O
 t
RE,T
,(1)
wre
 t
RE,T
adO
 t
RE,T
reprset,respeciely,thetotanumbfavil-
abl(alldvrheadREswihinheimenteval t.Suprscrit t
isnotprfluusicitilssisusnelngaiefsitatio
withifidfomalism.Allodeldinhispaer,sover
ompentsappearnlyncepfmewhieotherepatdeverTTI.
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Figu e 5: Ov rh p cent g (%), wit esp ct t A RE, T, s a function f BW. Squar d
sy ols r p sen s  OFr meRE, T(%)  OTTIRE, T(%).
TI
RE, T(%) =
OFr meRE, T
AFrameRE, T
⇥ 100
6 2. S nsi ivi f e he d on DCI length LDCI
As a f ncti n f BW...
6.3. Influence f Ng “PHICH G oup Scaling Factor”
As a functi n of BW...
6.4. Sce io 1: i l user. LTE Maximum DL Data-rate
When the system s configured wit its highest parameter and all the
av ilable reso rc s are a signe to singl UE which is in the best r ception
c nditions, he high st data-rate provision ca be xpected. An accurate
over ad alc l tions hat is cu tomized with the system configuration, pro-
vides us with the xa nt of usef l resources t at can b assigned for
da a- smission.
Consi ering th aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
26
6.1. I fl n ch f ct n f BW
F 1.4 i 31%. S i 91%...
20 MHz 16%. S s 46%...
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!!!!!!!!!!!!!!!!!Sio ina
or OFDMA-b ed n tw k, such as LTE, the availabl mod ls can be
s i w m jor at gori s. Th p r- ontro bas d od ls tudy the
i o of t ys co fig rat nd the ervi e area as a f n tion f
SINR ri ion [14]. The r -co t l bas d m els focus o the combi-
ti f ys c figura on an e d t -r te pr vis n as a function
of e l di t i u i [15]. T f ma mod l is th the ptimized
i pr vid t d ma d d data-rate i the arg area, below the best
ch g sy nfigu io .
C i i g qui me f the r e (lo d) bas d model o h ve an
c m ur f r c ell’s capaci y, in s wo k we pr se a ma hemat-
cal th ol y c ul h d ta- t rovi i for multi-user scen rios
f c i fl x bl y tem onfig at on par me rs.
3. P l St t
A o , pur o e of this w rk s to p op se a methodology and
lg i s t c u ly s im the DL th ughput or c pacity (C [bi /s])
of LTE yst i t e r o that con d s d gr dation that the
di↵ r t v ad ech is rod ce.
I uitiv ly, se hrou h ut c s wi h the num of seful RE dur-
g a gi t m v of in ere t. Thi time i erval  t ca be e ther 1
TTI r 1 f a , d nd ng o the pr bl m a ha (number of users, file
s z t e wnl b any s r, tc ). In his ap r w will lab l the total
nu b of u f l REs (th t is, th se for user d ta) du i g a time interval  t
by usi g i n:
 OFrRE, T(%) = O
F ame
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a  tRE, T rep n , resp ctiv ly, th total n mber of avail-
bl ll a ov ad REs ithin t e time interval  t. Superscript  t
i ot uperfluous sinc it will assis us in modeli g a variety of situation
w th a u ified f lism. As will b modeled in this pap r, some overhead
com on s ppear o ly once per f ame while others are repe ted every TTI.
To p oc d f rth with LTE c pacity es imation it is convenient to con-
sider that no ll th bits are used to rans ort user d ta but also to detect
rors (f ins a c , Cyc ic edundan y Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Si mi
Fo OFDMA-bas d w k, ch as LTE, h avail l ls can be
se i j c g i s. T e w r-contr l bas d d ls study t e
m i ti of s c fi ur i nd h s rvi e rea as a fun ion of
SIN di ib o [14]. The -co t l bas d m els fo us o th ombi-
a n f s t fig ti a he d a-r te prov ion s a funct o
f l d is u i [15]. T rfor a e del is t en h optimized
olu io t vid h e an e d ta- te in the a ge rea b low th be t
c i g ys o fig io .
Con i g t qui em f (lo d) base mo l o ave an
c ur t as f c cel ’ c p i y, th w k we s t a mat ema -
l d logy l l h d t - at provision for mul i user sc narios
f r ac ll wi fl xi l sys config r io am ter .
3. P bl S t m
A me n , pur s f is work i p op se m odology and
l r th a c e y tim the DL thr ughpu r c paci y (C [bit/s])
LTE ys reali ic s en i c nsi ers g da i n th the
↵ v ec s s r d .
I t iti ly, s r t r gh u incr s with he umber of useful RE d r-
g gi im i rv f in rest. This ime i rval  t can be th r 1
TI o 1 f d p n h pro em a a (numb r of us rs, file
s ze b downl d by ny us r, e c.). In this pa er we will l b l the total
n l ( h t is, th e fo user d t ) du ing a time interv l  t
by u i t o :
O TIRE, (%) = O
Fram
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w r  tRE, T a d O tRE, T r pres n , respectively, the total number of avail-
ab ( ) nd ov h s within he time nt rval  t. Superscript  t
is no sup rflu s since it will assist us in mo eling a v riety of situation
ith an ifie fo ma ism. As will be modele in his pap r, some overhead
co nts ppe r only once per f ame whil others are repeated every T I.
T pr ed furth wi LTE cap city stimation it is conv ni nt o con-
sider th n t ll th bit ar u ed o tr nsport us r ata but al o to det c
err rs for instance, Cyc ic R undancy Ch ck CRC) bi s). The user d ta
5
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OFDMA-b ed w rk, s ch LT , av i ble m d ls can be
s en in tw m jor c gor s. he w r-co t ol b mod l s udy h
mbin f th ystem co fig ati and t s rv c area as fu cti of
INR dis ri u i [14]. The r t -c tr l based o s focus on t co i-
ti n f the ys nfig at nd t da -ra e provisi n as a u ction
of th loa ri tion [15]. Th perfor ance m el is th n th pti ized
olu i o vi e dema ded ta-ra n h targ ar , bel w the est
t hi g y em config rati n.
Cons eri g the equi em nt of the rate ( ad) based mod l to have n
c ra e ur f r e h ell’ capacity, i th s work w pr sent athe t-
ic l e hodolog o calcul te th d t - ate ro ision for multi-user scenarios
fo each c ll i flex ble sys m co figu ati par m ters.
3. P obl m S te
As m n d, p rpose of t is work s to p o ose met o ology and
al ithms o c u at l stimate th DL throug pu or c p city ( [ i /s])
of LTE s st ms in al st c narios that con i e s th egradation th t the
d ↵ere t overhead mecha is s produ .
Intui ive , us r th oug t ncr as s wi h the numb r f useful RE dur-
ing giv ti i rva f i est. This ime i t rv   can b either 1
TTI r 1 fr m , d di on the prob em at hand ( umber of users, file
siz to downl ad by y ser, etc.). In this paper we will label he t tal
num r f us ful REs (that is, t s for user data) during a tim in erval  t
by us g th no ation:
Ban wi th, BW (MHz)
  TTIRE, T(%) =
OFrameE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T O tR , T, (1)
where A RE, T a d O tRE, T rep esent, respectively, the to al umber of avail-
bl (all) overh d REs within the tim int rval  t. Superscript  t
is n t uperfl ous inc it will assist us in modeling a variety of si uation
wit an unifi d forma ism. s will be mo eled in this pap r, some ov he d
c mpon ts appear only once p frame while others are repeated every TTI.
To roc ed further with LTE c pa ity estimation it is convenient to con-
si er hat not all he bi re used to trans o t us r data but al o to d tect
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igur 5: Overh p ce age (%), with espect t  tRE, T, s a function of BW. Squar d
symbols r p ents  OFraRE, T(%)  OTTIRE, (%).
 O IE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitiv ty of rh d o DCI le gth LDCI
A a cti f BW...
6.3. I fluence f N “PHICH Group Scaling Factor”
As a functi n f B ...
6.4. Scen io 1: single user. LTE Maximum DL Data-rate
Whe the system is onfigured with its highest parameters and all the
available r so rc s are assigned to a single UE which is in the best r ception
conditions, he highest data-rate provision ca be expected. An accurate
v rhead alcul tions that is customized with the system configuration, pro-
vides us wi h the exa t unt of usef l resources t at can b assigned for
da a- r nsmission.
Consi ering the aximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• T e highest BW of 20 MHz (NRB = 100 and P = 4)
26
F gure : v rh p centage (%), wi h respect t A tRE, T, as a functi n of B . Squa ed
y bo repr s t OF a eRE, T( I, ). OTTITOTAL =  O IPCFICH +  OTTIPHICH +
 O TIPDCCH + O TIRS
 OTTIRE, T(%) = O
Fr me
RE, T
AF mRE, T
⇥ 100
6.2. S sit v ty of ov rh a on DCI leng h LDCI
A a funct f BW...
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6 1. I fl n p f i f BW
F 1.4 i 31%. RS 91%...
F 20 MHz s 16%. S is 46%...
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!!!!!!!!!!!!!!!!!Si min
Fo OFDMA-b s ne w k, such as L E, the av il bl ls ca b
i w m j eg r es. Th we -con ol b odels s dy th
c n t f sy fi r ti n d vic r a a func io of
SINR is ibu i [ 4]. The r con ol b s del f cu n h ombi-
ti n f t s figu n a d d ta-rat pr sio functi
f t lo d d tri t [15]. Th f r c o l is t e opt mized
solu o prov n ed d ta- t i rge re , belo the b s
h c fig r .
C id g h r q r me f e r (l d) d od l av
c u asu fo h c l’s ca ci , i h w k w p se t the -
c l l c lcul h d -r r i i f r u i- sce ar
f r c ll with fl x y m co fig r on p r m .
3. Pr blem S t
A n o , pu p s f t o k s p op s e o ol gy a d
go s t cu ely te h L th ug pu o p ci y (C [bit/s])
f LT sy t in re l c i s t nsider h degr i th
di↵ n o rh d m c .
I ui iv ly, u r t r ug p i crea s with h num r f seful E du -
i g iv n i e n rv l of i t r . T is in er al   n be e r 1
TI 1 f , d p h ble a (numb r f u rs, file
iz t b d w l d by y , c ). In this r we will l b l he t al
umb r o u RE ( is, o f us data) uri g tim i rv l  
by u i g o :
OFraRE, T( ) = O
Fram
, T
Fra e
R , T
⇥ 100
U tRE, T A tRE, T  O tE, T, (1)
wh r A tR , nd  R , T repres nt, resp ctiv ly, h total n mbe f va l-
a l ( l) v r d R s w i the ti e i l t. S rscript  
is t u erfl u si c i ill s is s g a variet of si ua ion
w a nifi d fo m lis . A wil b m dele s paper, som overhead
c ts p ar ly onc p r fra e w ile ot rs are r p a ed ry T I.
To c f rther wi LTE cap city s i ion it s onven n to co -
sid r th t o a l the i a used to t an port us dat but al t e ct
r ors (f r instanc , Cyclic Re u anc C eck (CRC) bits). Th d ta
5
!!!!!!!!!! mina
o OFDMA- e w k, such as L E, h vai bl o ls c n
e n j r at g ri . p -c t l bas d m l t d t e
bi f e sy c fi tio th er ce ea f ncti o
SIN d ribu [14]. r -c r l b e m d l f s c i-
i f s fi u a io h d t - p o i ion a f ct
f h l i ribu i [ 5] h pe f r a e d l is t p i zed
lu n p ovi ed - t i r rea, bel w bes
c i g ys c nfig r .
C d ri e qu r f r (lo d) b s d el to av n
c m r f r ea ll’ c ci , is k r nt a a h ma -
c l d ogy c l ul -r t p vis f l i- r c ar os
ac ce l w t fl xi l sys o figu ati n a a .
3. Pro S e
A m ti e pu p s f t is w rk i o a t d lo and
g i h s a l s i e t DL g r c i y (C [bi /s])
f LTE s st s i r lis i sc r s t a on i e s d ada on th t the
di↵ v d h s r e.
I tu ly, us r g i r s s wit ber f us f l -
g a giv i t rv l f t r . This ti erv  t 1
TI r 1 fr e ep i he p blem ( mber of rs, fi
iz to l b a s , .). I i p p ill l b l e t l
nu ber f s ful RE ( h i , h s fo er d a) du i g time e al  t
by u ing o ion:
 OTTIRE, T(%) = O
Frame
RE, T
AFramRE, T
⇥ 0
U tRE, T = A RE, T  O RE, T (1)
wher A RE, T a d O tE, T e r s t, r c i ly, the l numb va l-
abl (all) nd verh a RE i hi i e i terval  t. Super cript
is ot s perfl u si c i will assis us n model g va iety of si i n
wi h an u ifi f m lism. As will e od l d this pa r, so overhe d
c p e ts app r nly on e per f w le her are r p at d v y I.
o pr ce d f r h r wi h L E c p city s i t on it i c nv nien to con-
si r tha ot all the bits r us d to transp r ser dat but l o t d tect
rrors (fo in tance, Cyclic R u d ncy heck (CRC) bits). e user ata
5
!!!!!!!!!!!!!!!!!Si m n
F O DMA-b s d n wo k h s LTE he v il b e els c
s e i w ajo c go s. p w -c ntrol b sed d ls s dy h
c mbi a i n f t t configura i h vice re as nctio f
SINR di i [14]. he ra e-c t l ba d e s foc s n h co i-
a i f t sy t c nfigur on th a-ra pr vi io n
f l ad i tribution [15]. pe fo anc od l i the th o i iz d
olutio vide he em nde ta- in h rge a, bel w he b s
m t h g syst c fig r ion.
C nsi ri g th equ en of th te (lo d) bas d o el o e n
cc sur f r ch cell’s ca a ty, in is s nt them -
i e l g o l ul e he a a- pr vision fo multi-use sc n r s
for ch c ll th flexib sy em c fi r n p r rs.
3. Probl S a e t
s e ti e , t p rp e of thi w rk s pro e a e ho ology nd
lg rith s t a cura e stim te t DL r ughput or c p c ty C [ i /s])
f L E ys e s in a istic cen rio c si ers the g a io t t the
d ↵e e t r ead e hani s d ce.
I u tiv ly, us hr ughput i cr as with numbe of usef l RE dur-
i g v t i t rval f inte es . This i i v l t c b ith 1
T I o 1 fra e, d pending o the p obl m a and ( u b r of users, fil
size to be wnlo by an r, etc.). In this pa r we will label the total
umber of us ul RE ( hat is, thos for ser d ta) uring a ime inte v l  t
by us ng the n ta i :
B n widt , BW (MHz)
 OTTIRE, T(%) = O
Fram
E, T
AFrameRE T
⇥ 100
U tRE, T = A tRE, T  O RE, T, ( )
where A tRE, T and O tRE, T rep esen , r sp c ively, the t ta number of avail-
abl (all) ov rh ad E with i i t rv l  t. Superscrip t
is n t sup fluo s i c it will assis in modeling a v i ty of situ tion
with n unified for a ism. As will be deled in this ap , som overhead
compo ents ppear ly onc per fr e while others ar rep t d ev y I.
procee fu ther i L E c p ci y estimati is onvenient to con-
side hat not all t e b ts re sed t transp r user a but also to dete
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ForOFDMA-bsdnetwork,suchasLE,thavailalemodelscanb
senintwomjoaegries.Thepower-controlbasdodlsstudythe
cobiationfthesystemconfigurtionandtheserviceareaasafunctionof
SINRdistribution[14].Thrate-controlbasedmodelsfocusonthecombi-
nationofthesystmconfigurationandthedata-raeprovisionasafuction
ofthdditribtion[15].Theperfncemodelisthentheoptimizd
solutintoprovidethedemandeddta-rtinthetargetrea,belowthebest
mchingstemonfigrain.
Consideringtquirmentfhrat(load)basedeltohavean
auremasurefoeachcll’scapcity,nthisworkwprentamathemat-
icalmehodologytocalculatethdta-rateprovisionfrmuli-userscnarios
fchllwithflxiblesystemfigurationparamters.
3.ProlmStatmet
Asmentiod,purposeofiworkistopposeamethdolynd
algrithmstoaccuatelyestimatetheDLthroughputorcapacity(C[bit/])
ofLTEssesinrealistcscenariosthatcnsiderthdgradatiothtthe
di↵rntoverheadmecanismsroduce.
Iitivly,userthrughputicrseswiththberofusfulREdur-
ingagivntimeintervalofinters.histimintervl canbiher1
TIor1fr,depndintheroblathad(numberofurs,file
siztobownlodbynyusr,t.).Intispaperwewilllabelthtotal
nuberfsfulREs(atis,tosfruserdata)dingatiminerva
byuigthtati:
Ovrhapercage
irspettevilalREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 
RE,T
,(1)
wA
 t
RE,T
dO
 t
RE,T
rpret,spcivel,thtolnumbrofil
abe(l)doeheadRswithinhiinterval t.Superscript t
istsprflossinceiillasstiodlgvrityofsituation
ituififoralim.Awillbeoldinhisapr,soovehea
copoppearlyonpefamewiloersrreatdeveryTI.
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ForOFDMA-basednewok,suchasLTE,heavailablemodelscane
seenitwomajorcategories.Thepower-controlbasedodelsstudythe
combinationofthesystemconfigurationandtheseviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfousonthecmbi-
nationfthessteconfiguratinandthedata-rateovisionasafnctio
oftheloddistributin[15].Theperformacemodelisthentheoptimized
solutintoprovidetheemanddata-ratinthetargearea,blowthebest
matchigssteconfigrtion.
Considrighrequiremenofthrat(lad)basemdltoavean
accurateasureforehcell’scaaiy,ithiworkweprseamthemt-
icaletoologytocalculatethet-rateprovisioformulti-userscenarios
foreachcellwithflexibleystemconfigurtionpaameter.
3.ProblemStatent
Asmentied,thepurpseofthisworkisoprpoeethodogyand
algoithmstaccuratelesimateeDLthroughputorcaacity(C[bit/s])
ofLTEsystemsinralisticsceristhatcosiderthedegradatiohatthe
di↵erentoverheadecanismsprduce.
Intuiively,userhogputiceasswththnuberofuflREu-
inggventimiervalofitrt.histiinterval canbeeithr1
TTIr1fme,ependingonheproblemathand(nurofusrs,file
siztbedownloadbynyuser,tc.).Inthispaprwewilllblthetotal
umberofsefulREs(thatis,thoseforuerdat)duringatiinrvl t
byusingthnotation:
Overheaperctae
(ithrespectothavilbl)
,BW(MHz)
O
TTI
RE,T
(%=
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Frame
RE,T
A
Fame
RE,T
⇥100
U
 
R,T
=A
 t
E,T
 O
 t
RE,T
,(1)
wherA
 t
RE,T
anO
 t
RE,T
reprsent,respectivly,theoalnumbrofavil-
ble(all)ndoverheadRswithithtiintervl .Superscri t
isnsuperfluoussinciillassisusinmdlingvretyofsiio
withanuifiedformalis.Aswillmdldinispaper,smeover
cmponentsapaolyocprfrmewhithrarrepetedveryTTI
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F OFDM - e n w k, su h L E, e vail le d l c n be
i aj ca g . Th r-c trol bas mod s y t
c i f he ys figur n rv ce ea s f nc on of
SIN is ib i [14]. T r -c ol s d l f cus on the comb -
f t t fig on n d -r t ro i io a fu ctio
t l ist b t n [15]. h p rf rm c l is th h o tim z d
s lu i vide h dema d d t -r t h targe ar , b w th b t
c g sys c fig r ion.
C n i ri g q n f th t (l ad) b ed model to hav
c ura s a h c ll’s c paci y, in is ork e pr s t math t-
i al o l g t c l u t a- pr vi i n f r ul i-us r c arios
fo eac ll i fl x bl sy nfigu ti am s.
3. P bl m ta t
As e i d, he p p s f this ork s prop se a meth d logy a d
l r thm o cu a y t h DL ugh r apac (C [b t/ ])
of LT s ems i real stic c arios hat con er degradation tha the
di↵er nt v ch pr u .
Intui ively, us r r ughp t in ses i h t e b r of us ful d -
i g a i ime int rval of i er t. This time int rval   ca b i h r 1
I or 1 fra , d pending on pr blem t h d (number of se s, file
size b d nload by y u r, tc.). I this pap r w will l bel t e t t l
r of ful REs (th t is, ho f r use t ) d ri g i al t
by i g the n t ti :
OFrameRE, (%) = O
F ame
RE, T
Fra e
RE, T
⇥ 100
U tRE, T = A tRE,    t , , (1)
wh e A tRE, T and O tRE, T repres nt, r sp c ively, he t l um er of avail-
ble (all) ov h ad REs within he t m int rval  t. Super ript  t
is not sup rfluo s s nce i w ll sist us in m deling variety of si uation
with n u ified fo m . As will be modeled in his paper, me overhead
com o nts ppe r only onc per fra e while others are repeated every TTI.
To proceed f r he with LTE c pacity estimation i is convenient con-
sider th t not all th bits re used to transport user data but also to detect
er ors (for in ta ce, Cyc ic du dancy C ck (CRC) bits). The user data
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F r OF MA-b e k, su h LTE v il bl o l c n be
n i ajor cat g ri Th pow - ontrol b m ud th
b t o f sys fig r t ervi r s a f c f
SINR i b i [14] e- tr l b s d ls f u the mbi-
a o of sys e fig t a a -r t ov si n f ction
o th l ad dist i i n [15]. p f ce odel i h the op imize
l v d t m - te h t rge a , l w th be
hi g sys c fi r io
Co sid i g q e f h a (l ) bas d l av a
c u a e asur f eac cell’ c pacity, i h w k w pr s the a -
i a t od l gy t ca cul th d - vis n f r lti-us r c narios
for e ch c l th flexibl sys co figur tio rame r .
3. Pr bl S t t
As m i n d, t purp s f thi ork s t pr p se hod gy and
lg ri hms c r t ly ti DL thr ghput cap ity (C [bit/ ])
f L E yste s i reali tic s n r o h t o siders he grad ion that the
di↵ ent v rh d chan s pro uce.
In itively, e hr ugh t in rea es it th numbe f u f l RE dur-
i g a g v tim erval of inter . Th s tim int val t can e e her 1
T I r 1 fr m , e e di g n th p o l t h d u ber f us rs, fil
z to b dow o d y y use , tc.). In t is p per e will label total
n b r f u eful Es (th t is, those for u er d ) ri g time in erv l  
by using the ota ion:
 OTTIRE, T(%) = O
Fr me
RE, T
AFrameRE, T
⇥ 100
U tRE T = A tRE, T  O tRE, T, (1)
where A tRE, T d O tRE, T repr ent, respectively, h tot l number of avail-
ble ( ll) and overhe d REs withi th time int rval  t. Su erscript  t
i not superfluo since it will assis u in modeli g a v riety of situation
with a unified formalis . As will be modeled in this p er, some overhead
component appear only once per fram while oth rs are repeated eve y TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bi s re used transport user data but als to detect
errors (for instance, Cycl c Re und ncy Check (CRC) bits). The user data
5
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For OFDMA-b s n t rk, suc as L , the v ilable m dels c n e
s n tw m j c g . wer- r l b dels stu y h
c bi at n f th s e c figu t nd t s rvic ar as a funct on
SINR di tr utio [14]. e ra -con r b s m dels f c s n h combi-
na i n f e syste nfigu ion and th dat -r t p isio s a func
f t e l ad s ribu i [15]. T pe f m nce del is the op imiz
s lu i t p ovide e em d a-r e n h g t ar a, b low bes
matc ing syst con gu ati
C i eri th req ir e t of he (l ad) b s d e o av an
c ra asure for ea c ll’s apa ty, n t i w k we res n a m the a -
ical meth d logy t alc late the da -rate pr v si n fo mult -user sc narios
for ch cell with flexib e system o figu at o param ters.
3. P obl m S ate n
As m i ned, the pur o e of this work s t p o ose a m odol gy d
algor th s ccurat ly stim e e DL throughp r apac y (C [ it/s])
of LTE ys e in re listic s ena ios t con ider the degr datio h th
di↵e en v rh ad m hani ms produce.
I ui vely, us r hrough u incre ses w h the nu ber of useful R dur-
in a given time inter al of i re t. Thi time i terval  t c n b either 1
TTI or 1 fram , d en ng on th problem t ha d (number of us rs, fil
siz to be d w l d by a y user, e c.). I th s pape we will lab l the to l
nu be of u ef l RE ( h t is, those f r user da ) duri g a ti e int val  t
by us ng he notation:
B ndwid h, BW (MHz)
 O TIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T    tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the tot l number of avail-
able (all) nd overhead REs within the tim int rval  t. Superscript  t
is not superfluous sin e it will as ist us in modeling a variety of situation
with an unified formalism. As will be m del d in this paper, some o erhead
components appear only once p r frame whil others are repeat very TTI.
To proceed further wi h LTE c pacity e timation it is convenient to con-
sider that not all the bits are used to ransport us r data but also to detect
5
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajoraegories.Thepowe-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftsystemconfigurationndthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiotoprovidetheeandeddata-rateinthetargetarea,belowthebest
mathingsystmconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytoclculatethedata-rateprovisionformulti-userscnarios
fachcellwithflexiblsystemcofigurtionparameters.
3.ProblemSatement
Asentioed,thepurposeofthisworkistoproposeamethodologyan
algorithmstoaccuratelyestimatetheDLthroughputorcapcity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradatiothatth
d↵ereovrheadmechansmspruce.
Intuitvely,serthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcnbeeither1
TTIor1frame,dependingontheprblemathand(numberofusers,file
siztobdwnlobyanyusr,ec.).Inthispperwewilllabelthetotal
numrofusefulREs(thatis,thoseforusedata)duringtimeinterval t
yusingthenottin:
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stsupefluoussicitwillassisuiolgarieyofituatio
withifiedfrls.Aillbeoeleinthispp,somoverhed
cmponnsappelynceerfrawhilethersarerpeatedeveryTTI.
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algorithmstoaccuratelyestimaetheDLthrougputorcapcity(C[bit/s])
ofLTEsystemsinrelisticscenaristatcnsidersthedegradationthatthe
di↵erentoerheadmechanismsprouce.
Ituitively,userthrughptincreaseswiththenumberofusefulREdur-
ingagivntimeitrvalofinterest.Thistimeinterval tcanbeeither1
TTIor1fram,dependingontheproblemthand(numbrofusers,file
sizetbedownloadbyanyur,tc.).Inthispaperwwilllabelthetotal
numberofuseflREs(thais,thoseforusrdta)duringatimeinterval t
busingthentatin:
Overhdperctage
(withrspecttotheavilableREs)
,BW(MH)
 O
TTI
RE,T
(%)=
O
Frme
RE,T
A
Frame
RE,T
10
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
adO
 t
RE,T
represt,respectively,hetotalnumbfaval-
able(all)ndoveheadREwihinthetimeinel t.Superscript t
isnotsuprfluussicitillsisusinelngavarityfsituation
withaunififoralis.Awillbemodeldinthispaper,somoverhea
componentsappearnlyonceperframwhilotherarerepeatedevryTTI.
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Figur 5: Overhe d percentage (%), ith respect to  tRE, T, as a func ion f B . Squ red
sy bols represe t  OFramRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameR , T
⇥ 100
6.2 S ns tivity f ove h ad o DCI length LDCI
As a func ion of BW...
6.3. Influence of Ng “PHICH Grou Scal ng F ct r”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When t e system is configured with its highest parameters and all the
availabl reso rces are assigned to a ingl UE which is in t e best r ce tion
conditions, the highest data-rate provision can be expected. An accurate
overhead calcula ions that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculat on, t following system config ration shall be pplied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
6. . I fl c ach o n s fun tion f B
For 1.4 is 31%. R is 91%...
F r 20 Hz 16%. RS is 46%...
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F FDM -b s d w k, u L E, av ila l o el can be
s maj r ca go i . -c t b m del y h
c f e y te nfi r d i e functi n f
IN d o [14]. T r t - l b s ls f cus o h c bi-
t f t fi i h a -rat r v i as fu o
of l is b on [15]. f o el i th pt miz d
ol p v d h da -r i e rg t , b l w t
a hi g y m co figur i .
C id g e q of t (l d) b d l o a e n
c ur te sur r ch ll’ ac t , i k r s n a m he a -
c l o o gy t alc l t data-r rovi i n for multi user s en ri
for e l i h fl x bl s s fi t n t s.
3. Pr bl t e
s tio , t p p s of th w rk is p p s a me od logy and
lg r th s o accura ely im te he DL throu h or c p city ( [b t/ ])
f LTE ys ms i alist c sc ari t c id rs t e ada i n t the
di↵ re t ver h nis prod c .
I tuit v ly, us roughpu in r ses wi h e mber f sef l RE ur-
i g gi t int val of r st. Thi ime i t val   ca b eith r 1
TTI or 1 fra , d p nd ng on e ob m t h d ( umber f se s, file
z t nl d by u , etc.). I this p r w wil bel t e total
e of eful Es (t i , th s f use ) duri g rval t
by using e ati n:
 OF amRE, T(%) = O
Fram
RE, T
Frame
RE, T
⇥ 100
U tRE, T =  tRE, T    RE, T, (1)
wh e A tRE, T a d O tRE, T r pr s n , re p c iv ly, t t l u ber of v il-
able (all) a ov rhe d REs within th ti interv l  t. Superscript  t
is ot sup rfluous sinc it ill s ist us in m deling a variety of situat on
wit u ified formal sm. As will be m deled in this pap r, s me overhead
co onents ppe r nly o ce per fra e while others are repeated ev ry TTI.
To proc d fur he with L E c pacity esti a ion is con enie t to con-
sider that not ll the bits re used to tra sp rt user dat but also to det ct
rs (for inst nce, Cyclic Red dancy C eck (CRC) bits). The us r data
5
!!!!!!!!!!!!!!!!!S i
F OFDMA- e k, u h s L E, h av il ble m d ls b
s i o aj r a o . h p - ol b s o l dy e
t f fi r i s v e s f c i of
SIN i b [14]. h - tr l b od f u o t mb -
f y t onfigur t d -r v io u c on
f load i tr b i [15]. p f nc l t opt ized
olu i n v e - a i rg t below t e bes
m hi g ys o fig o .
Co sid g th q of a ( o d) mo el av
ccura easur f r ac l’ cap ci y, thi work w p e t a m he at-
cal e l gy t calc lat he t - at vis f l i u er scen rio
fo ch ll i h flexibl yst figu ra e rs.
3. Probl S t
As n n d, t pu p e i o k i t p p se m ho o gy nd
alg ri hm o ac t ly s i t the DL g put or a c ty C [b t/s])
of LT y r ali t c s r os t co de he d gradat n the
di↵ r t v r e ch i p .
I t tiv ly, s hrou hp t ncrea s with th numb r f usef l E dur-
ng given ti e i te val f inter s . This ime nterval   c n be ith r 1
TTI or 1 fr me, e ndi g on th p o l m t a d (nu b f users, fil
siz t be ow l by any , tc.). I t is p p will l bel h total
u b r of useful Es (t is, th e for u e data) ur ng i i t rval  t
y using the at n:
 OTTIRE, (%) = O
rame
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
he e A tRE, T and O tRE, T repr se , re pec ive y, th o l number of v il-
able (all) and overhe d REs withi the time in erval  t. S erscript  t
is not superfl ous since it will assis us in modeli g a variety of situation
with an u ified for lism. As will be modeled in this paper, some overhead
co ponents appear only once per fra e while others are repeated every T I.
To proceed further with L E capa ity timation it is conve ient to con-
sider that n t all the bit ar used to trans ort user data but also to det t
errors (for instan e, Cyclic Redundancy Check (CRC) bit ). The user data
5
!!!!!!!!!!!!!!!!!Si mi
For OFDMA- a d n rk, s c as L E, the v ilable m d ls an be
se i w ajor gori T ow r co r l ba od ls st dy
b nat n of yst fig t o and the servic e a a fu cti f
SINR i utio [14]. e t -con rol bas m f us o the combi-
na i f he s nfigu a nd he da a- ate p isio s a fun
f e l d ibu ion [15]. The perf r a e m del s then t opti ize
lu i t de e dema d d ta- e n he t rg ar , bel w e b st
atch g syst m config atio
C si eri g he r quir e t f t e ( o d) ba ed o o ve
c m asur for eac c ll’ c p ity, in thi w k we pr sent a m the at-
ic l t dology t c lcula he dat -ra pro i ion for multi-us cenar os
fo e ch ell with flexible system o fi rati p rame rs.
3. Proble S a emen
As e io d, the ur e f his work p opos a m o l gy and
alg rithms c urat l estim t DL thr ug pu r c paci y (C [ it/ ])
of LT ys ems in e listic scen ios t cons ders he degradation th the
di↵ r over d e h nis s produ .
Intuitively, us r t roughput increa es with t e nu ber of useful R ur-
ing give time interv l f int re . Thi i e interval  t can b either 1
T I or 1 fr m , pe in n th problem ha (number f users, file
siz to be wnloa by any user, c.). I t is paper w will l b l h t tal
nu ber of us ful REs ( hat is, t se f r us r da ) duri g a time interval  t
by us ng the n tation:
Bandwidth, B (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFr meRE, T
⇥ 100
U tRE, T A tRE, T  O tR , T, (1)
where A tRE, T and O tRE, T rep esent, r pec ively, the to al umber of av il-
able (all) nd overhead REs within the time int rval  t. Superscript  t
is not superflu s sin e it will ist us in modeling a vari ty of situation
with an unifi formalis . As will be modeled in this paper, some overhead
components appear only once p r frame w ile others are repe te every TTI.
To proceed further with LTE capacity estimation it is convenient o con-
si er that not all the bi s are use to tr nspor user da a but also o det ct
5
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ForOFDMA-bsednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationoftesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistributio[15].Theperformancemodelisthentheoptimized
solutiotoprovidethedemandeddat-rateithetargetarea,belowthebest
mathingystconfigurtion.
Consderingtherequiremenftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapcity,inthisworkwepresentamathemat-
icalmethodologytocalcultethedata-ratprovisionformulti-userscenarios
forachcellwithflexblesystemconfigurtionparameters.
3.PoblemStatement
Aseied,tepurposeofthisworkistoproposeamethodologyand
alorthmstaccatelyestimateheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenrioshatconsidersthedegradationthtthe
di↵eretoverheadmechanismsprduce.
Inuitively,ethroughpuincreaseswththnumberofuefuREdur-
igiventimeitrvalofinterest.Thistimeinterval canbeeither1
TIor1frame,depeningontheproblemathand(numberofusrs,file
siztoeownlobyyuser,etc.).Inthispperwewilllabelthetotal
numerfusefulREs(thatis,thoseforuserdta)duringatimeinterval t
byusgtenotation:
Overheadpcetage
ithrespettheavailablREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whre
 t
RE,
andO
 t
RE,T
rprsent,rspecively,hettalnubrofavail-
able(ll)nderhadREswithinthtieintrval t.Superscript t
isotsperfluossicitwillsisuingvarietyofsituation
wihaufiedflis.Aswllmdeldithsppr,smverhead
opontsappeaolycperfrmewhilthersrerepeatedevyTTI.
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Figur 5: Overhe perc ntage (%), with respe t o  tRE, T, as a functi of BW. Squared
symbols repr s nts  OFrameRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S ns tivity of overh ad on DCI length LDCI
As a fu tion o BW...
6.3. Influenc of Ng “PHICH Group S aling Factor”
As a function of BW...
6.4 Sc n ri 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highes parameters and all the
avai ab e resources are assigned to a single UE which is in the best reception
conditions, the ighest da a-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful res urces that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Ov rh a perc ntage (%), with respect to A tRE, T, as a functio f BW. Squared
symbo s repr se ts  OFrameRE, T( I, ). OTTITOTAL =  OTTIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of verhead on DCI length LDCI
As a function of BW...
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6.1. I flu e h p n t f c i f BW
F 1.4 3 %. RS i 91%. .
F 20 MHz i 16%. S i 46%...
10#
15#
20#
25#
30#
35#
1 4# 3# 5# 10# 15# 20#
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r OFDMA- d netw rk, suc a L E, e av labl c b
n i w j r a egori s. The pow r-c nt l ba d mod ls study t
c i ti o h sy g i n he s rvi area s a fun tio of
SIN di ibution [14]. T ate-co tr l b d m dels focu on he combi-
tio f t sy fig ra i n a d h d a-r t provision as a function
of t is bu io [15]. T f nc del is e t e op imi ed
s l i t ov the d d d a-r t in h targ a, below h b st
i g sy c figur tion.
C ns ng h q ir e t o h r (l d) ba d odel o ve an
su e for ch ll’ c ac ty, hi work w pr sent athem t-
i l o gy c l ul te th ata-r t rovi io f r multi- ser c n rios
f ac c ll wi fl xible s te onfigurati n p r .
3. P bl S
s e ion d, e ur o e f his w rk s to p s thodol gy d
a g o a c r t s ima e e D thro ghp r ca ac y (C [bi /s])
o L E sy s i l s ic c n ri s t c d r th degra ti th th
d ↵ r ov r d h i m roduce.
I iv ly, s t ou pu inc ses it h numbe of us ful RE dur-
i giv e n val f i er st. Thi in e val   an e ither 1
I r , di g th r le t h d ( u b r of us , fi e
iz t wnlo d y us r, e c.). I i p p r w w ll l bel he total
b r f usef l RE is, u er a a) during tim int rval  t
sin o a i :
Fram
RE, T %) =
OFra eRE, T
AF ameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w r A tRE,  t , T e r se t, resp cti ely, e tot l um r of av il-
l ( ll) v r d REs w thi i e int va   . Su ersc ipt  t
i t u fl ou i c it ill assist s n modeling a va iety of situa ion
w n fi d fo lis . As wi l b mod led in th s p p r, me over ea
o pon t ppe o ly ce p r fr me hil o rs r re a e every TTI.
eed f rt wi LTE c acity stimation t i conv nient con-
sid r a l the i s r u e tr sport user dat but als to detect
err rs (f r i s e Cy ic edun ncy Ch k (CRC) bi ). The user d a
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F OFDMA-b sed ne k, a LTE, t ailable od l can b
e i aj r cat gor . The p r-c t ol b ed mod ls s udy t e
c i t o t y t m con ur ti and servic r a f nc i n of
SIN i ibu i n [14]. Th r - o tr l b s de s focus n t e comb -
i f s figu t nd -r e provisi s fu ction
f h lo d d st ib t [ 5]. rform c d l is he t o i iz
lu i vi th a ded ata- in t get re , low b st
c ing ys co fi ti n.
C i ng h eq r h rate (lo ) b ed m d l h ve
ccu f e h ll’s p c y, in is work w p sent athe t-
i l d y c l t d - pr vi io or ul - s sce arios
o c l fl x bl yst m fi urati ers.
3. Pr l S t
A en , p p f t s work s t r p dology and
rith s r l tim t DL t ro gh u r c p ci y (C [bi /s]
f L E y s n a is i e r that co s d gra ti th t h
i↵ v r d ech is s u .
I ui ivel , ug put i cr a s ith he ber ful RE d r-
gi n i i val i e . i t nt rv l   a b i her 1
TTI fra e, d p d g o h pro m and (n mb r f s rs, fil
ize b w l b y s r, t .). I h s p p r we ill la el the total
u b r u f l REs ( , h s f r e at ) urin a im int rval  
usi g h o ati n:
OT IRE T(%) = O
Fr me
RE, T
AFraRE, T
100
U t, T = A tRE,  O , T, (1)
w r A  ,  tRE, T pr en , e tivel tot l nu ber of v il-
bl ( ll a d ver ad RE withi th ti in rv l  t. Sup rscript  t
i t u rflu us si c t wi l ssis s i odel ng r y f it at on
w t a unifi d fo alis . As i l b m del d i hi paper, s m overh ad
mp p ar nly ce r frame hil ot r r r p at v ry TTI.
oceed f r wi LTE c pacity s i io i is c nve i nt to co -
id ot l bit ar sed to port ser dat bu also to de ec
erro (fo inst , Cy lic d d ncy C ck (CRC) bits). Th user d a
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 OTTIE, T( ) = O
Frame
E,
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⇥ 100
U tRE, T = A RE, T  O RE, T, (1)
e A tRE, T and O tRE, r r se , res cti , the to al umber of avail-
bl (all) d v rh ad REs wi i t e ti e i ter al  t. Superscrip  t
is t su erfluous sinc it ill ssist us n mo eli g a variety of situ ti
wit an ifi d f r li . A ll be d led t i p p r, s me ov r ad
com one ppe r o ly nc per fr me w ile o he ar r peated every TTI.
To proc ed fur her with LTE capaci y estimatio it is conve ient to con-
si er that not ll e bit a e us d t transpor user dat but also to d t ct
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SINRdisribuion[14].Thete-cnrolbaddelsfocusncobi-
natinfesystemcnfiguationdtda-raeprovioasafution
oftheloadditribtion[15].Teprfrmacmodlitheheptimizd
slutiontprvidetheandeddt-eithagetara,belowthbt
achigsysnfigrtin.
Cosidingterqumetofrt(od)bsedmdlohvean
accrateasufrccell’capacity,inthswkwersntamm-
ilmethdologytcalulaeeda-rteprovisinformlti-usecenrs
frachcllwihflexblsysmcnfigtioparatr.
3ProblStm
Asne,tpuofhisorkisproposeaeolgyand
lgrithacutlyetimteeDLhugprcpcity(C[bit/s])
ofLTEsysireisisarittsdrshegadtiotth
di↵eretovehdmecaismrodu.
Intuiively,userthroughputicreaswiththnuefuefulREdu-
inggiventiirvalfitre.Thitiinerval taee1
TTI1fraedependntprblethnd(befs,fil
ztobedwloadbyanyse,etc.).Intispaperwwilllaetheta
nbrffulRs(thai,tefsrdta)digitvl 
bsigtti:
Ovheaperag
itrspectttvilableREs
,BW(Hz)
 O
I
RE,T
(%=
O
Fram
RE,T
A
Frame
RE,T
⇥100
U
t
R,
=A
 
RE,T
 
 t
RE,
,(1)
hre
 t
RE,T
ndO
 t
RE,T
rersn,rsptivy,ttlumberfavil-
bl(ll)ndorhedEsiinttmeivl t.Susrpt
isopeflusiceitwillasistuiodelngvayfsitut
withnuifiedfrais.Aswllemdleithisppr,ovrha
cmpsaparlprmwhileohersaraveyTI.
5
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ForOFDMA-basednetwrk,suchasLTE,theavailablemodelscbe
eenintwmjctegoies.Theower-controlbaedmodelssudyth
combnationofthesystemcofigurationadhsrvicaeaasafuctionf
SINRdistribution[14].herate-controlbasedmodelsfocsonthecombi-
nationothesystmconfigurationadthedata-ratrovisionasafuncion
ofthloaddistribtion[5].Theprfrmancmodelisthentheoptiized
solutinorovithedemndeddaa-ratihtargetaea,belwthb
atchigystemfiguration.
Coniderigtherquiretoftherate(loa)bsdmdelhvan
ccratmerforeaccell’scapacity,intswokwepreseamathm-
iclmhoologytocalculathdata-rateprovisioforuli-serscenrios
foreachcllwithflexiblsystmconfiutionparameters.
3.PrblemSaemet
Asentied,thepurposeofhisworkitprpoeamehodologyd
algorimsoccuatelyesiathDLthrughputrcpacity(C[bit/s])
ofLEsytemsinrelscscenarisatconsidersthedegrdationtatte
di↵ervehdmehanismsprduc.
Ituitively,utrughputincaseswiththeumberofusefulEdur-
iggivntimeinervalofinterest.Thistmeitral tanbeith1
TIr1f,dpedignpoblmhnd(berofusrs,file
siztbeowlabnyu,e.).Inthippwwlllabelthetotl
numberofusfulREs(ts,thoforsrdaa)ugtentrvl t
byusithenotin:
Overheadpercenage
(wihrspctteavailablEs)
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frae
RE,T
A
Fame
RE,T
⇥100
U
 
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
anO
 t
RE,T
reprnt,rspciveyhetotalubeofavil-
abl(ll)anoverheaREswithinttiinteval t.Supercript t
istuperflussiciillasssusinmdelingavaiyfsituatin
witauifidfralis.Asilbemdldntipper,ovrhad
cmponparononceerfraewhilethesareaedveyTTI.
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FD A-b n w rk, uch as L , h vail bl od ls can be
w j c t g ri . T p wer-c ro bas d mod s s udy the
o i f h c figu o th s rvice rea s a f nctio of
SINR r tio [ 4]. r t - o r l b d dels fo us o h combi-
f y nfigurat d t da a- at p visio as function
f lo dist ib 15]. h p rf r c o l is h n th o i z
l v t e d - at in th t rg re , l w he be
c i g sy c figur i .
C id g q i t f the rat (l d) b s mod l to have n
t ur f r ac cell’ c a i , t is w k we r se t athem -
c l d l g t c la h a - rovisi f r ul i- s cen ri s
f r h ll with fl xib e sy t config r tion p ra e r .
3. P obl S
As m n io , the pur se f his o k s p e a m t dology and
l or o ur ly s i at h DL r ghpu or capacity (C [bi / ])
f L yst s in r ali ic c n r that con id rs h d gr d i tha h
↵ r n v rh d c i s p uce
In uitively, u r thr gh ut incr a s w th h u ber of useful RE dur-
g iv im i t v f in e es . This im int rval   can e ther 1
TTI r 1 f , d d g on e probl m at a (number of us rs, file
s ze o ownl a by y s r, etc.). I this pap w will lab l the total
f ful E ( is, ho fo user dat ) du ing ti e interval  t
b using no on:
 OF a eRE, T = O
Fram
RE, T
AFrameRE, T
⇥ 100
U t, T = A tRE, T  O tRE, T, (1)
w A tRE, T an O tRE, T epr sen , respe tively, the total number of avail-
abl ( ll) a d ov r e d RE ithin he i e i val  t. Superscript  t
i superflu u ince it will ssist n model ng a vari y of situation
i h un fi d f malis . As will b od le i this p per, some o erhead
c m n nts pp ar only onc per frame while othe s ar rep ated every TTI.
T pro eed furt r with LTE capacity es imatio it is conv nient to con-
ider tha t all th bit are used t transport user data but also to detect
error (for in ce, Cyclic Redund cy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Si i
F OFDMA-b s d t k, ch as LT , th av i bl od ls can be
i aj c ego i s. p wer- on rol ba e m dels study th
b i n o th fi ur i n h s r ice ar a s a uncti n f
SINR is ib [14]. T e a - ontr l b sed odels foc s on e co bi-
f y nfig r a d th da -ra e p vision as fu ction
f l d di rib io [15]. Th f r od is t e h pti ize
l i r v d t d a d d - at in the rg t a ea, b low the best
c i sy fig r io .
C i i g h q ir n f e (lo ) bas d o l o h v an
cc r fo h l ’ c a i this w k w rese a mathemat-
ic l to c c l t t dat -r e pr vision f r multi- s sc narios
f r ac ce l w fl xibl s t m c nfigu tion p ame r .
3. r bl S t nt
As nt , the p r s of t i wo k i to r po a m h dology a d
t ccur ly esti h DL o g t o capa i y (C [bi / ])
f T m r alistic sce ari s tha onsid rs e deg d tion that e
d ↵ r v r a e m oduc .
I i i ly u e th oug u i cr s s with h umb r of u ef l RE ur-
i g gi i e n l f i r st. T is m i t rval  t b her 1
TTI r 1 f me, dep n g the probl m at ha d (number f u rs, fil
ize o b d wnl by any user, e .). I t is aper we will lab l the to al
b r u ful REs (th is, th f us r a) du ing a time interval  t
b u g no io :
OTTIRE, T(%) = O
Fram
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A t ,  O tRE, T, (1)
h A tRE, T a d O tRE, T repr en , r sp ctively, he total number of vail-
able (all) a d ov rh REs wi hin h time in erval  t. Superscript  t
i t s p rfluou si c it will ssist i mo eling a variety of situation
with an unifi form lism. As will be modeled in his paper, some overhead
c mp nt appear ly once per frame while others are repeated every TTI.
T proc ed further wi LTE capacit estimation it is convenient to con-
sider a not all h bits are u ed o transport user data but also to detect
r rs (for stanc , Cyclic R dundancy C eck (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!! io i a
F r OFDMA-bas d t k, such a LTE, the vail bl models a be
two m j c g ri . h ow r- r l b s d mod l u y he
bi t f sys c figu io d he s rvice ar a a function of
SINR d s ribut [14]. T r -c trol d l f cus o th c mb -
ati n of t e s s em c nfigu n nd h at -r t p visi n as a function
f t l a distr butio [15]. T p form od l is t en h p i ized
s u on t pr vi he e d ta- e in t t g t r a, b low e b s
atc i sys em c figu ti n.
Co sid r g t equire en of the r te ( o ) b d model to have n
c u a u for e c ell’s p ity, i thi wo k we pres n a mat e a -
ca th o gy alc la h -ra p isi for multi-u er sce arios
f r ac c l wit xi l sys e configu t o p r met rs.
3. P ob St t
A m ntioned, t e p rp se o this wo k is to propose methodology and
al thm accur t ly stimate the DL thro ghput or c pacity (C [ i /s])
f LTE sys e s in alistic sc nario that considers the d gradation th t the
di↵e t overh a m ch s s pr duce.
I tui iv ly, user r ughput inc e es wi h he nu er of us f l RE d r-
g g ven time i terval f i t r t. This time int rval  t can be either 1
TTI 1 f , de ending on the problem a h d ( u ber of users, fi e
iz o be dow l d by y us r, etc.). In t is paper w will l b l th total
number of useful REs ( hat is, those f r ser d ta) duri g a time interval  t
by us th not tio :
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE,  O tRE, T, (1)
w ere A tRE, T and O RE, T r present, pectively, the total number of avail-
ble ( ll) d verhead R s within the time i t rval  t. Sup rscript  t
is not superfluous since it will assist us in m deling a variety of situation
w th an unifie formalism. As will be odeled in this p per, some overhead
c mpon nts appear only once per frame w ile others are repea d every TTI.
To proce d rth ith LTE c pacity stima ion it is convenient to con-
sid r that not ll th bi s are u ed o ra sport user data but also to detect
5
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ForOFDMA-basentwork,suchasLTE,theavailblemodelscanbe
eenintwomajorcaegories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfiurationandtheserviceareasafuctionof
SINRdistribution[14].Therate-crolbasedmodelsfocusonthecobi-
nationofthesysemconfigrationandthedta-rteprovisionasfunction
oftheloaddistribution[15].Theperformanceodelisthentheoptimized
solutintoprovidehedemandedaa-aeihetargtae,blowthebest
matchigsystemconfiguraton.
Cnsidringherequiremntfterte(ld)basedmodltohavn
accuratemeaureforeachcell’scapacity,intiswrkwepresentaathemat-
icalmethodologytocalculatethedata-rateprovisionformlt-usrcnris
foreaccellwithflxiblesystmofiguationparameters.
3.ProblemStateme
Ametioned,thepuposeofthiswrkstpropeamehlogyand
algorithmstoaccurelyestimateDLthoughptocapaciy(C[bit/])
ofLTEsystemsirealsticscenaristacsirsthedgrdatioht
di↵erentoverhaechaimpduc.
Ituiivly,userthroghptincresitthemberofusfulREur-
gagvtimeintevalofinteret.Thisiinrval tanbethr1
TTIor1frae,epeingonthpoblemahn(numberfusers,file
sizobownloadbyayuser,ec.).Inthipperwewilllabeletotal
nubefuseflREs(thtis,tosforurdt)durnaimeintrvl t
bysingthntion:
Ovreaderentg
withesectthavibleREs
,BW(MHz)
 O
TI
RE,T
(%)=
O
Frame
RE,T
A
Frme
RE,T
⇥100
U
 t
R,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
hereA
 
RE,T
adO
 t
RE,T
rprest,rtively,tttalumbrofvil-
able(ll)ndrhadRsithinhiirval t.uperscrip t
isoupfluoussiceiwllsiindelavriefsituin
withnunifiedfral.Ailleoeldintip,someovrhed
cmpntsperolocepefmehileohesaerepatderyTI.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbsedmodelsstudythe
cobinationofthesystemcnfigurationadthserviceareaasfunctionof
SINRdistribution[14].Therate-controlbasedodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancmodelisthentheoptiized
solutiontoprovidethedmandeddata-rateithetrgetarea,belowthebest
tchingsystemconfiguration
Consideringtherequirementofherate(loa)basedmodeltohavan
accuratmasurfreachcell’scapacity,ithiswrkwepresenmheat-
icmethodologytocalultehedata-rateprvisionfomlti-userscenarios
forachcllwithflexiblesytemcofiguratioparamter.
3.ProblmSatemet
Asmentiond,hepuposofthisworkistoprposaethodologyand
algorthmstoccuratelyestiatetheDLtroughputrcapacity(C[bi/s])
fLEsystemsinralisticscnaristhatcosidersthedegradationthatthe
di↵erentoverheadmcanismsproduce.
Intutively,userthroughputncreaseswiththenuerofsefulREdur-
inagivetimeitervalofinterest.hitimnterval cnbeir1
TTIor1fame,dependingontheproblemathad(umberfusers,fi
sizetobednloadbyanyuser,ec.).Inthispaprwewilabelthetotal
umerofusefulREs(thatis,thoseforuserdaa)drtimitervl t
byusingthenotin:
Orhedpercetage
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isnotsuperfloussicitillasitusielngavaietyfstuion
withauifiedfrmals.Awillbemodldinthispaper,soeoverhea
connparononcprfrawilthersareepatedveryTTI.
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Figure 5: Ov rh ad perc ntage (%), ith re c t A tRE, T, as f nctio f BW. Squared
symb ls r presents OFr mRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsiti ty of overhe d on DCI length LDCI
As a functio of BW...
6.3. Influe ce of Ng “PHICH Group Scaling Fac or”
As a functio of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configure with its highest parameters and all the
vailable resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accur te
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
1 fl c a f cti of BW
For 1.4 is 31 RS is 9 %...
Fo 20 Hz s 16 . R i 46%. .
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F r OFDMA-b n tw k, s h L avail bl mod ls ca be
i j r g i . he p w r- o r b se odels dy the
o t of y t fi uratio d erv rea s a f nc n f
SINR u i [14]. T a -c l b d els focus n h c m i-
i sy m c nfig ra io d t e d a- t r vision as a func ion
f l r b i [15]. perf r a c o l is n th p i iz d
l v d a ta- a in h t rget ar a, below th best
ch ng sys c figu i .
C i g h r qu f r t (l d) bas o el o have n
ur t s r for ch cell’ c pac ty, n his wo k we resen ma h mat-
ic l h lo y o lc late th at -ra rovisio for ulti- ser e arios
f r ll w fl x l sys figu at on pa mete s.
3. P bl S e
As d, th pu pos f t is w rk s o p pos a methodology and
l i s o ccur s i e DL ug or ca city (C [bi / ])
o L y t s in i t c sc n ri ha on id rs degrad i n ha he
di↵ verh d c an s pr duc .
I tui i l , hr ug t inc e s s with th numbe f us ful RE ur-
g a gi n ti t rval f i est. Thi tim erv l  t ca e the
I 1 f p n o the pr bl m a a (number of us rs, file
s ze t b wnl by a y us , c.). I his ap r w wil l b l the total
n b f useful s (th t is, s for us r data) du i g ti e interval  t
usi th o :
 OF aRE, T( = O
Fra e
RE, T
AF ameRE, T
⇥ 100
U tE, T = A RE, T  O tRE, T, (1)
wh r A tRE, T a O tRE, T r p s nt, resp c iv ly, th tot l number of avail-
bl ( ll) overh ad REs within th ti e interv l   . Sup rscript  t
uperflu u s c i will u n modeling a va iety of situa ion
w th a u ifi for l s . As will be mo el in his p per, ome ov he d
om e s ppear only onc pe frame while oth rs re r peated eve y TTI.
To pr ce f r h r wit LTE capaci y estimation it is c nvenient to con-
id r t n t ll h bits are used to transport user d ta but also to detect
r r (for stance, yclic Redunda cy Check (CRC) bits). The user data
5
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F FDMA- s wo k, T , t availa l m d ls c n b
aj ca g s p w - o tr l bas d ls study t e
b i f h s s o fi r ion d the ser i a as a f ncti n f
SIN di ibu i [14]. - r l ba del f c s on co i-
i f sy c fi ti n h a -r e pr v sion funct n
f l istrib [15]. perf n mo l is e pt ized
l provi ema d d a- t in t rg a below he b s
c s nfig a i .
C i g quir n o r (lo ) bas d d l o ave an
u ur f ll’ c p , i this w rk we res t the at-
i l logy o lc l t he d - at pr v sio f r multi u sc a i s
r ll ith fl bl sy c nfigurati n r t s.
3. P b S n
n , e p rp s f t i wo k is o p e dology and
l th cc y ti DL r ghput or capacity (C [bit/ ])
f LTE y t s re lis ic sce rio th con d rs the degr dati n that he
↵ r ov r ea mec is pro u e.
I u v ly, s r hro g ut i reas s ith t umb r of usef RE du -
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C i e i g t r quir nt f h rat (load) based m del hav n
c urat measur f r e c ll’s cap city, n t is work w pr sen t e at-
al et l gy to c c a e th d t -r te pr is for multi- er scenarios
f c c l wit fl xi l y em co figur t para ete s.
3. P obl St me t
A me io d, h p se of this wo k to propos me ho ol gy d
alg rithms o accura s im e he DL throu hput or c pacity (C [ i /s])
f LTE sy t ms in r alistic sce rios that consi rs the d grad io th t the
↵ overhead m ch is s prod .
Intuitively, user thr ughp t inc e es with the num er of us f l RE dur-
in a giv n tim int v l f int r st. T is ime int rval  t can be either 1
TTI r 1 fr me, d pendi g o the robl m at hand (nu b r of us rs, fi
size to be ow lo d by ny us r, t .). In this pap we will l bel th total
number f u eful REs (th is, h f r ser data) duri g a tim i t rval  t
by us g t e a on:
Ban widt , BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
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component app ar only once per frame while oth s are repeated every TTI.
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si er t at not all th bi s are used to tra sport user data but also to detect
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesysteconfiurationandtheerviaraasafuncionof
SINRditribution[14].Therate-contrbasedmodelsfocusonthebi-
nationfthesystemconfiguratioandthedta-raterovisionasafunction
oftheloaddistibution[15].Theperformancemodelisthentheopimize
solutitoprovidethedmandeddat-ateinthetagtaea,belowthebest
matchingystemconfiguration.
Consideringtherequirementoftate(load)basedmodelohavean
accuratmeasurefachcell’capacit,inthisworkweprsentamathmat-
icalmethodologytoclculatethedata-rprovisionfomult-usescenarios
foreachcllwithflexiblesystmcofiguationparaeter.
3.ProblemSamet
Asmntioned,heurposeofthisworkistproposamthodogyand
algorithmstoaccrelysimatheDLthroughputorcpcity(C[bit/])
ofLTEsysteminrealsticscnaiostconsdersdegrdtionththe
di↵erntoeradechanimpouc.
Iuitvely,etrughputincraseswithtnumbrofusefulREur-
ingagiventimeitervlfinres.Thistiminerval anbeither1
TTIor1frame,dpedgotheprblethand(numerofusers,file
izbownloadbyayuser,ec.).Ihispperweillablthettal
umbrfsflREs(ttis,thosfusrdat)duinaieintrval t
byusingthenotation:
Ovrheapercentge
witespecttoteavlbleRE
,BW(MHz)
 O
TI
RE,T
(%)=
O
Frame
RE,T
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Frame
RE,T
⇥100
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 t
RE,T
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RE,T
 O
 t
RE,T
,()
herA
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,T
nO
 t
RE,T
rsent,rpctivly,etlbrofvi-
able(ll)noredREwhihtimitrval t.pcript 
isotsuperfluossiiillsituidelgavaityofsiuan
witnfiefrlism.Asillblthipe,somvrhad
coptearloceprfrmewhilthrarerepetdeveyTI.
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solutionoprovidethedemandeddata-rateintetargeare,lowthebest
mathingsystmconfigurain
Consideringtherequirmentofthrat(lad)badmodeltohav
curatmesureforechcell’scpity,nthiswkwprenamthemat-
iclmethodologytocalcultehda-rateprvsionfrmlti-usescnaris
forachellwithflexiblesysemcfigurainparater.
3.ProblemSteet
Amentioned,thpurposeofthisworkisprposamthoologyand
algorithstoaccuratelyestiteheDLtogputorcapiy(C[bi/s])
ofLEsystemsnealisticscenariosthaconsidsthedegradaionthatthe
di↵erntovrheadmechanismsprouce.
Intuitivy,userthoughputincreasswiththenmbrofusfulREdur-
inagiventieintrvalofinterest.Thistiminterval canbeeiter1
TTIor1frame,dependigonteproblemathnd(numerofusers,fie
siztobdonloadbyanyur,c.).Intispperwwilllabeltettl
numbrofusefulREs(thais,thsefruserda)durinaeievlt
byusinthenotion:
Overedprctage
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wereA
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withanunfiedfrmalis.Awillbemodldithispper,somevrhead
censapparonlyocepframewileothrsarepeatedevrTTI.
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Fi ur 5: Ov rh d ercentage (%), th res ec to  tRE, T, as f ct o of BW. Squared
symbols repr s nts  OFra eRE, T(%)  OTTIRE, (%).
 OTTIRE, (%) =
Fram
RE, T
AFrame, T
⇥ 100
6.2. S nsitivity of overhea on DCI l ngt LDCI
As a function of BW...
6.3. Influ nce f Ng “PHICH Group Sc li g F ctor”
As a f nction of BW...
6.4. Scena io 1: single user. LTE Maximum DL Data-rate
When the syste is configured with its highest parameters and all the
vailable resources are as igned o a ingle UE which is in the best reception
conditions, the highest data-rate provision ca be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the m ximum ervice pr vision capabilities of LTE, for max
data-rate calculati , the f llowing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
26
Figure 6: Overhead p rcentage (%), with r p c o A tRE, T, s funct on f BW. Squared
symb s represe t  OFr eRE, T( I, ). ITOTAL =  O TIPCFICH +  OTTIPHICH +
 OTTIPDCCH + OTTIRS
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. Sensitivity f over ead o DCI length LDCI
A a function of BW...
26
in
tr
od
u
ce
d
fo
r
co
m
p
ar
at
iv
e
p
u
rp
os
es
.
T
h
is
is
b
ec
au
se
an
ov
er
h
ea
d
of
25
%
of
th
e
to
ta
l
R
E
s
is
u
su
al
ly
u
ti
li
ze
d
[R
E
F
]
to
es
ti
m
at
e
h
ow
m
an
y
R
E
s
ar
e
re
qu
ir
ed
fo
r
co
nt
ro
l
an
d
si
gn
al
in
g.
F
ig
u
re
8
re
ve
al
s
th
at
:
1.
C
on
tr
ar
y
to
w
h
at
F
ig
u
re
7
su
gg
es
ts
,
th
e
n
eg
at
iv
e
in
fl
u
en
ce
of
ov
er
-
h
ea
d
re
d
u
ce
s
as
B
W
in
cr
ea
se
s.
T
h
is
h
as
p
hy
si
ca
l
m
ea
n
in
g
b
ec
au
se
R
E
V
IS
A
R
..
.
2.
W
h
il
e,
fo
r
B
W
=
1.
4M
H
z,
 
Of
ra
m
e
T
O
T
=
31
,1
%
is
co
n
si
d
er
ab
le
h
ig
h
er
th
an
 
OT
T
I
T
O
T
=
25
,4
%
,
h
ow
ev
er
,
as
B
W
in
cr
ea
se
s
th
ei
r
re
sp
ec
ti
ve
va
lu
es
te
n
d
to
b
ec
om
e
cl
os
er
so
th
at
,
fo
r
th
e
m
ax
im
u
m
B
W
va
lu
e,
B
W
=
20
M
H
z,
 
Of
ra
m
e
T
O
T
=
15
.9
%
an
d
 
OT
T
I
T
O
T
=
15
.7
%
.
3.
T
h
e
25
%
-a
p
p
ro
xi
m
at
io
n
ov
er
es
ti
m
at
es
 
OT
T
I
T
O
T
fo
r
B
W
=
3,
5,
10
,1
5,
20
M
H
z,
w
h
il
e
u
n
d
er
es
ti
m
at
es
 
Of
ra
m
e
T
O
T
=
25
,4
%
fo
r
B
W
=
1.
4
M
H
z.
U
si
n
g
th
e
re
su
lt
s
of
F
ig
u
re
8
w
e
h
av
e
ob
ta
in
ed
th
e
fo
ll
ow
in
g
b
et
te
r
ap
-
p
ro
xi
m
at
io
n
s
(f
or
th
e
p
ar
am
et
er
s
va
lu
es
li
st
ed
in
T
ab
le
9)
:
 
OT
T
I
T
O
T
(%
)
⇡
0.
46
56
·B
W
2
 
5.
18
82
·B
W
+
30
.1
01
(3
0)
 
Of
ra
m
e
T
O
T
(%
)
⇡
 0
.1
18
3
·B
W
3
+
2.
05
12
·B
W
2
 
12
.2
85
·B
W
+
41
.3
92
(3
1)
T
h
e
n
ex
t
qu
es
ti
on
ar
is
in
g
is
to
w
h
at
ex
te
nt
ea
ch
ov
er
h
ea
d
co
m
p
on
en
t
in
fl
u
en
ce
s
on
th
e
to
ta
l
ov
er
h
ea
d
.
F
ig
u
re
s
9
an
d
10
sh
ow
,
re
sp
ec
ti
ve
ly
,
th
e
re
la
ti
ve
co
nt
ri
b
u
ti
on
of
ea
ch
co
m
p
on
en
t
co
m
p
u
te
d
at
T
T
I
sc
al
e,
an
d
at
fr
am
e
sc
al
e.
A
s
d
on
e
b
ef
or
e,
w
e
h
av
e
m
ad
e
u
se
of
m
et
ri
cs
su
ch
as
 
OT
T
I
co
m
p
i(
%
)
=
OT
T
I
co
m
p
i
OT
T
I
T
O
T
⇥
10
0
(3
2)
U
si
n
g
m
et
ri
cs
su
ch
as
(3
2)
,
F
ig
u
re
9
sh
ow
s
th
e
p
er
ce
nt
ag
e
of
ea
ch
co
m
-
p
on
en
t
ov
er
th
e
to
ta
l
ov
er
h
ea
d
OT
T
I
T
O
T
.
It
re
ve
al
s
th
at
OT
T
I
R
S
p
la
ys
th
e
ke
y
ro
le
si
n
ce
is
m
u
ch
h
ig
h
er
th
an
al
l
th
e
ot
h
er
co
m
p
on
en
ts
in
al
l
th
e
sc
al
ab
le
LT
E
b
an
d
w
id
th
s.
N
ot
e
th
at
,
as
B
W
in
cr
ea
se
s,
OT
T
I
R
S
in
cr
ea
se
s,
w
h
il
e
th
e
ot
h
er
s
re
d
u
ce
.
F
or
B
W
=
20
M
H
z,
OT
T
I
R
S
=
91
%
.
F
ig
u
re
11
sh
ow
s
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
co
m
p
u
te
d
u
si
n
g
Of
ra
m
e
T
O
T
(r
ed
⇤
sy
m
b
ol
s)
an
d
OT
T
I
T
O
T
(b
la
ck
 
sy
m
b
ol
s)
,
re
-
sp
ec
ti
ve
ly
.
T
h
e
id
ea
ll
im
it
in
g
ca
se
( 
)
co
rr
es
p
on
d
s
to
th
e
ca
se
in
w
h
ic
h
th
er
e
is
n
ei
th
er
co
d
e
ra
te
(E
C
R
=
1)
n
or
ov
er
h
ea
d
.
28
Figure 1: Overhead components perc ntage  OTTIcomp i(%) with espect to OTTITOTAL, as a
function of BW (MHz). The i s defines the symbols us d for any component.
Figure 11 s ws t e p rcen age f eac component over the o al overhead
OTTITOT (using th m tric fi ed i (38)). It reve ls that OTTIRS pl y the key
r le since is muc higher h n all e o her comp nen i l the scal ble LTE
ndwidth . Note that, as BW ncreases, OTTIRS i creases, whil he hers
redu . F r BW = 20MHz, OTTIRS = 91%. F thermore, OTTIRS + OTTIPDCCH
r nges between 84% and 97%. Figure 12, computed at frame scale, exhibits
the same t ends.
32
O IPDCCH  OTTIRS
 OTTIPHICH OTTIPCFICH
1.4 3 5 1
6.1. I fl e c o c p n f c B
F 1.4 s 3 %. S s 91%...
F 20 MHz is 16%. S is 46%...
10#
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!!!!!!!!!!! Si i
F OFDM - s n two k su s LTE, av il l o ls c b
i w j c eg ri s. Th p w r-c l bas d o l study the
bi f t y c nfi ra d th v c r fu cti n of
SIN s r bu i [14]. Th - o o b s d ls f s o c mb -
i of y c fig ti n d th d a-r p ov i s a functio
f l dis ib io [15]. h rfor a c m l t the optimiz
l ti n p v d h da a- th rg area ow t bes
i sy c fig r .
C q ir en f th at ( o ) ba del to hav an
c r e f r c c ll’ c ci y, i h s rk we p en mat m -
i d l gy l la ta-r visi f m i-us r scen ri
f e c c l w t flex bl y c nfig ti ete s.
3. obl S
As i , u p f i w k is o pr p e m th dol gy nd
go h t ac r ly esti DL ou pu or c pacit (C [bit/s])
f LT t ms in reali sc a i s at c id r t egr a ion tha he
i↵ e v h a i pr d c .
I ui ive , s r g put incr ses wi u b r f us f l RE du -
i g g v n t rval of n st. hi i in r a n b eith r 1
TTI o 1 f a , pendi o h probl d ( umbe of users, file
iz b dow l a by y us r, e c ). I t i paper we w ll label t tal
n mb r f u l REs (th t is, th s f r s r ata) du ing t me i terval  t
b sing t e tati :
  Fra eRE, T(%) =
OFrameRE, T
AF eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w ere A tRE, T d O tRE, T ep es n , r spectiv y, h otal nu b r of av il-
a l ( l) a ver d s wi h im in erv t. Su ers ript  t
is not up fluou c i will s i t us i m de ing a v iety of sit ation
wi h an unifi f rm i m. As will be m de in this p per, so e overhead
c mpo ents p ar only c per f am while oth rs re repeated very TTI.
To proc ed fur her w th LT city stimation it is convenient o con-
id r tha n t all the bit ar used to transport user d ta but also to detect
rrors (fo i stance, C clic Redund ncy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Si
F OFDM - e w rk, s c s L E, av il e dels e
i j . h p we -con r a ed d st dy he
in i f y co fi c s fu ctio f
SIN s b [14] - o tr l ase m dels focus ombi-
i f sy t onfi r io dat - a e pr is a func io
f h l d t ib [ 5]. T p rf nc odel is then th o i iz
ol i o p vid e - h g a a b w he b st
g co fi .
C i ri g th q r t f t e r (l d) ba d mod l o ve a
ur m s f r c c l’s c p y, i is w k w pr t a the t-
l t dolo c c l ta-r pr v f r mul i-us scen i s
f r ac l fl xi le m config rati n par r .
3. P l m S
A m io , t e p ose f this wo k i to r p se a thodol gy a d
gor t m o ac ur ly e tim e DL through ut or a acity (C [bi /s])
f L E y s i r l c na ios t t c siders he d gr ion at the
i↵ ov r d ech s pr duce.
I tui iv ly, r hr ug p i s s wi h h numb r of us f l RE ur-
i a g v n tim v l of n er st. hi tim interval  t can e e ther 1
I or 1 f e, d p ndi g he roble a h nd (numbe of users, fi e
ze o b d w lo by y se , .). I th paper we will la e otal
nu ber of u l RE ( hat i , tho f u er a ) du ing a i t rval  t
by si g ta i n:
TTI
RE, T(%) =
OFr meRE, T
AFrameRE,
⇥ 100
U tE, T = A tRE,  O tRE, T, (1)
h re A tRE, T d O tRE, T re s , es iv ly, t e total u ber of avail-
abl ( ll) d ov ad Es within the im in erval t. Superscript  t
is t superfluo si e it ill ssist us in od ling a variety f ituation
with n un fied for alis . As will be odeled in hi pap r, some overhead
c mp ne ts appear only once per f ame while others are re ea d every TTI.
T proceed fu ther with LTE p it stimatio it is co venie t to con-
ider th not all th bits ar us d to transpor u er data but lso to detect
errors (f r instance, Cycl c Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Si min
F OFDMA- a d et ork, uc s L E, h v il ble m els can be
s i w aj cat r s. T o r-co ol b s d mod ls stu y he
in tio f y confi ura i nd t e s rvic as function f
S NR dist ib tion [14]. T at -con r l b d o ls foc h combi-
n tio f th sys m c fi u a io a d th d - te p ovis on as fu i n
f t l d stribut n [15]. h pe f r e l t the p imized
s lu i n o p ovid t e de nd d -rate i th t rg t r a, belo the b st
hing sys c nfig r tio .
sid i g he r qu me of e rate ( o ) b d m l t hav a
a m ure f ch c ll’ c p ity, i i work e res nt a mat m t-
ic l m d logy to calcu th d a- te rov sion f mul i- r s narios
f r h cell it flexible ystem nfigur t o par me r .
. P bl m Sta en
As ment ned, th purpo e of th s work is to propose a ethodol gy an
lg ithms c r t ly e imate e DL thr ghput or capacity (C [ i /s])
f L E syst ms i realistic sc rios tha consid rs h degrad tio th t t e
i↵er t ov r ad c anisms ro uce.
ntuitiv ly, ser t roug p t in eases wi h the n b r of useful RE du -
i g given tim in rv l f n est. This time in val   can be ith r 1
TI r 1 fr m , epe di g on th p oble a hand (numb r f u e s, fil
ize to be w load b ny u er, tc.). In this paper w will label the t tal
number of useful REs (tha is, tho e for u r da a) during a time nt val  t
by us ng the o ation:
B ndwi th, BW (MHz)
  TTIRE, T(%) =
OFrameE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tE, T, (1)
where A tRE, T and O tRE, T repr sent, respectively, the tal nu ber f avail-
able ( ll) n over e d REs withi the ti e int rval . S p rscript  t
i not superfluous s nce it wi l as ist us in modeling a variety of si uation
with an u ifi d formalism. will be modeled n this p er, som overh ad
comp ent p ar only on e per fr e while oth rs re rep ated every TTI.
To proceed further with LTE capac ty estima ion i is convenient to con-
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Figure 5: Overhead p centage (%), it r spect to A tRE, T, a f nction of BW. Squared
symbols repres nts  OFrameRE, T(%) TTIRE, (%).
 OTTIRE, T(%) = O
Frame
RE T
AFrameRE, T
⇥ 100
6.2. S n it vity f ov r d o DCI leng h LDCI
A func ion of BW...
6.3. Influenc of Ng “P ICH G up Scaling F tor”
As a f ction of BW...
6.4. Sce ari 1: singl user. LTE Maximu DL Dat -rate
When the system is ed wit ts ighest parameters and all the
available resources are assign d to a single UE which is in the best reception
conditions, the highest d ta-r e provision an be expected. An accurate
overhead calculatio s that is customized with the system configuration, pro-
vides us with the exact a ount of useful resources that can be assigned for
ata-trans ission.
Considering the maxim m service provisi n capabiliti s of LTE, for max
d ta-rate calculation, the following system configuration shall be applied:
• The highest BW o 20 MHz (NRB = 100 and P = 4)
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Fig r 5 r r s t p ak dat ra ( bps) as c io f BW
(MHz), ar m triz d by th number of nsmitti g a ten s, n. Con i -
i g th allow d value for q in ach config ration, five ases are r pres ted:
1) SISO, wi = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 MIM a d q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
t calculatio s, Ng h s been assu ed Ng = 2 bec use of th conserv ive
design cri r a menti ned efore (since w have found it only a↵ ts in X%
[REVISAR]). Figure 15 v al hat, l g th us f MIMO schem s
wit q = 1 (two cod words) i sup ior t SIS in all h BW , however,
thi is n the c e wh n usi g only 1 cod wo d (q = 0). For i stance, f
BW = 20 MHz, the peak d a r f r SISO is ⇡ 85 MHz, which is gre t r
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q = 0 (⇡ 77 Mbps).
A key findi g in Figure 15 i that, when only 1 cod word is sed (q = 0),
i creasi g t e umb r of antennae n does not imply auto ically a higher
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q = 0), yello (n = 2, q = 0) and re (n = 4, q 0 . Once we set the BW,
incr asing n reduces T . This is bec use of the additi nal reference signal
res urces that are i posed by highe order tr nsmission ante nas, as shown
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Fi ure 3.12: Ov rhe d percent g (%), with r pect t the t l REs, as a function
of BW, f r n = 4 ( ), = 2 (b), nd n = 1 (c).
  I crea ing Ng r duces NTTIiUE |MAX. T i i l r, for i nce, in F g r 3.13
(c), for BW= 20 Hz. This is bec if Ng " " OTTIPHICH (se Expression
3.21 a d Tabl 3.9) ) "   ) (Expressio (3.30)) ) NTTIiUE |MAX #
  Increasing the numbe of c dewords via q reduces NTTIiUE |MAX. This is because
if q " hen " OTTIPHICH ) "   ) NTTIiUE |MAX #.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Problem Statement
As mentioned, the purpose of this work is to propose a methodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algrithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
Overheadpercentage
withrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(ll)andoerheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componntsappearolyonceperframewhileothersarerepeatedeveryTTI.
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Figure 5: Overhead percentage (%), with respect to A tRE, T, as a function of BW. Squared
symbols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitivity of overhead on DCI length LDCI
As a function of BW...
6.3. Influence of Ng “PHICH Group Scaling Factor”
As a function of BW...
6.4. Scenario 1: single user. LTE Maximum DL Data-rate
When the system is configured with its highest parameters and all the
available resources are assigned to a single UE which is in the best reception
conditions, the highest data-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
vides us with the exact amount of useful resources that can be assigned for
data-transmission.
Considering the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluenceoneachcmponentasafunctionofBW
For1.4is31%.RSis91%...
For20MHzis16%.RSis46%...
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1,4#3#5#10#15#20#
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.PrblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
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6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
Whenthesystemiscnfiguredwithishighetparametrsandallthe
availableresourcesareassignedtoasilUEwhihsinthebestrecepton
conditions,thhighestdata-rateprvisioncanbexpected.Anaccurate
overhadcalculationsthatiscustomizedwiththesystemconfiguration,pro-
videsuswiththeexactamountofusefulresourcesthatcanbeassignfor
data-transmission.
ConsideringthemaximumserviceprovisincapabilitiesofLTE,formax
data-ratecalculation,thefollowingsystemconfigurationshallbeapplied:
•ThehighestBWof20MHz(N
RB
=100andP=4)
•Thehighestspatialmultiplexinglevel,iplying2codewords(q=1),
and4⇥4MIMO(⌦=4).
26
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
26
Peak%data%rate%(Mbps)
n
=
4
n
=
2
n
=
1
F
ig
u
re
11
:
P
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
an
d
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
=
1,
2,
an
d
4,
re
sp
ec
ti
ve
ly
.
P
ea
k
d
at
a
ra
te
,
T
(M
b
p
s)
T
h
es
e
fi
gu
re
s
re
ve
al
th
re
e
fa
ct
s:
1.
In
th
e
th
re
e
tr
an
sm
it
ti
n
g
co
n
fi
gu
ra
ti
on
s,
fo
r
B
W
>
5
M
H
z,
th
e
d
om
i-
n
an
t
ov
er
h
ea
d
co
m
p
on
en
ts
ar
e,
at
gr
ea
t
ex
te
nt
,
O R
S
an
d
O P
H
IC
H
.
36
0"
10"
20"
30"
40"
50"
60"
1.4" 3" 5" 10" 15" 20"
O_PCFICH" O_PHICH"
O_PDCCH" O_RS"
30"
40"
50"
60"
70"
80"
 
OT
T
I
co
m
p
i(
%
)
=
y using the notation:
Bandwidth, BW (MHz)
 OTTIPDCCH  OTTIRS
 OTTIPHICH OTTIPCFICH
1.4 3 5 1
Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes clearly d minant (⇡ 38%) when com-
pared to th others.
Figure 15 represents the peak da a rat (Mbps) as a function of BW
(MHz), parametrized by the nu ber of transmit ing antennas, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
the e calculations, Ng as be n assumed Ng = 2 because of the conservative
design criteria mentioned before (since we have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
with q = 1 (two codewords) is superior to SISO in all the BWs, however,
this is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak data rate for SISO is ⇡ 85 MHz, which is g ater
than the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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2⇥ 2, q = 0
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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to be Ng = 2.
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bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference sig al
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
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A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of ntennae n do s no imply automatically a higher
bit ra e. This is clear when inspecting the columns with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
NTTIiUE |MAX
The overhead modeling presented in is paper is also u eful to compute
the maximum number of UE that can be scheduled in each TTI. This feature
m st not be mistaken with the maximum number of u ers’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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6.1.InfluenceoneachcomponentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
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O
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A
Frame
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⇥100
U
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whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
withanunifidformalism.Aswillbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotodetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
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seen in two m jor cat g ries. Th power-c ntrol base models study the
combination of the system configur ti n and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
soluti n to provide th demanded data-rate in the target area, below th best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology o calculate the data-rate provision for multi-user scenarios
for ach cell with flexible syste c nfiguration parameters.
3. P oblem Statement
As mentioned, the purpos of this work is to pr pose a ethodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on the problem at and (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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6.1.InfluenceoneachcmponentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofhesystemconfiurationandtheserviceareaasafunctionof
SINRdistribution[14].Therte-controlbasedmodelsfocusonthecombi-
tionofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinttrgetara,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedodeltohvean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatehedata-ratepovisioformulti-usersenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmtioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLhroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erenovereadmechanismsproduce.
Intuitively,userthroughputincreasswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
siztobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numbrofuseulREs(thais,thosefouserdata)duringatimeintervalt
byusigthenotation:
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A
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whereA
 t
RE,T
andO
 t
RE,T
represnt,respectively,thetotalnumberofavail-
able(all)andoverheadRswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
withanunifiedformalism.Aswilbemoeledintispaper,someoveread
componnsappearonlyonceperfraewhileothersarerepeaedeveryTTI.
TproceedfurtherwithLTEcpacitystimationitisconvenienttocon-
siderthatnotallthebitsareusedtotrsportuserdatabutalsotodetect
errrs(forinstance,CyclicRedundancyCheck(CRC)bit).Theuerdata
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ration
an
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area
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b
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b
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p
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for
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at
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rep
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b
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e
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of
situ
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w
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.
A
s
w
ill
b
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rep
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6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
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bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabtrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptableamaximumerrorof4%,thiswillprovideusa
aafetyfactorthatincludesthepossibilityofnotbeingabletouseN
g
=1/6.
WewillconsiderfromnowoN
g
=2sinceiicservtvdesign(wrt
case)that,frompractialpointofview,lightlyunderestimatethpeak-
datarte(⇡4%).
9.3.Overheadandapacityasafunctionofthenumberoftransmittingan-
tenas,n
Figure11sowsthpeakdatarate(Mbps)asafunctionofBW(MHz)
parametrizedbyhnumberofrnsmittingantens,n=1,2,and4,re-
spctivly.Whatioreintresingisthwatheoverheadcomponnts
haveadi↵erentipactonthetoalovrheadasafunctionofn,asshownin
Figure12,13,and14.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofhesystemconfigurationandthesrviceareaasafunctinof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfiguratiandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-raeinthetargetrea,belowebest
atchingsystemconfigurtion.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisorkwepresentamathemat-
icalmethodologytocalculatethedta-rateprvisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurionparamtrs.
3.ProblemSttmen
Asmentioned,thepurpsethisworkistoproposeamethodologyand
algrithmstccuratelyestimaetheDLthoughputorcapacity(C[bit/s])
fLTEsystminrealistiscenaristhatcnirsthedegradationthatthe
di↵erentoverheadmechaissproduce.
Intuitively,userthroughputinreaseswiththenumbrofusefulREdur-
igagivtimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1frame,depeningontheproblemathand(numberofusers,file
sizetobedwnloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numbrofusfulRE(thatis,thoseforuserdaa)duringatimeinterval t
bysingthentation:
 O
Frame
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
hereA
 t
R,T
andO
 t
RE,T
reprsent,respctively,theotlnumbrofavail-
able(all)andoverheadREswithinhetimentval t.Superscript t
isnotsuperfluoussinceitwillassistusimodelingavarietyofsitution
withaunifiedformalism.Aswillbemodeledinthispaper,someoverhad
comonentsappearonlyonceperramewhileohersarerepeatedeveryTTI.
oproceedfurtherwithLTEcapcitystimatioitisconvenienttocon-
siderthatnotallthebitsareusedtotrasportuserdatautalsotodetect
errrs(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
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h
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configura ion and the data-rate provision as a function
f the load distribution [15]. The performance model is then the optimized
solu ion to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure fo each cell’s capacity, in this work we prese t a mathemat-
ical me hodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible syste c nfiguration parameters.
3. P oblem Statement
As mentioned, the purpos of this work is to pr pose a ethodology and
algorithms to accurately estim te the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on the problem at and (number of users, fil
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentag
ith respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscri t  t
is ot sup rfluous since it will assist u in model ng a vari y of situation
with an unifi d formalism. As will be modeled in this pape , some overhead
compon nts appear o l once per frame while others are repeated every TTI.
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itrtein⇡4%whencomparedtothatcomputedwheusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasaccptableamximumrrorof4%,thiswillprovdeus
asaftyfactortatincludesthpossibiityofnotbingableuseN
g
=/6.
WwillconsiderfromnowonN
g
=2sinceiisacnservativdesign(wrs
case)that,fromapractilpointofview,lightlyundrestimatetpeak-
datarate(⇡4%).
9.3.Overhedandcpacityasafunctionofthumberoftransmittingn-
tens,n
Figure11showsthepekdaarate(Mbps)asafunctionofBW(MHz)
paramtrizedbythenumberoftransmittigantenns,n=1,2,and4,-
spctively.Whatismoreinresingisthewaytoverheadcompnts
haveadi↵erentipctontheotloverheadasafunctioof,asshownin
Figures12,13,and14.
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ForOFDMA-basdnetwork,suchasLTE,theavailablemodelscanbe
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SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
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accuratemeasurefoechcell’scapacity,inthiwrkweprsentamathemat-
icalmehodologytoclcultehedata-rateprovisionfrmulti-userscenrios
foreachcellwithflexiblesystmconfiguationpramters.
3.PrblemSttemen
Asmnioned,theppsethiworkitoproposeamethdologyad
algrithmstoccuratelyestimaetheDLthoughputrcapacity(C[bit/s])
fLTEsystmsinrelisticscenaistacnsidrsegrationthatthe
di↵erentovrheadmechaismsproduc.
Intuitvely,uerthroughptinrseswithhenubeofuseflREdur-
igagivtimeintervalofintest.Thisteintrvl tanbeeiher1
TTIor1frae,dpndigonheprbleahand(umberofusers,file
siztobedownloadbyanyuser,etc.).Inthisperwewilllabelthetotl
nubofusfulREs(htis,thoseforusrdaa)duringatimintervl 
byusingthenottion:
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isnotsperfluoussncitwillassistuinmdeligavarietyofsituaion
withannifiedforalism.Aswllbmodeledinthispper,omverhad
comonentsapearnlyonceperfraewhilothersarerepeatedeveyTTI.
TproceedfuthewithLTEcapcitystimtiontisconvnintocon-
siderthatnotllebitsareusdtoransportuerdtabutalotodect
errors(foinstance,CyclicRedundncyCheck(CRC)bits).Thusrdata
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For OFDMA-based network, such as LTE, the available models can be
seen i two major c tegories. The pow r-control based models study the
combination of the system configuration and the s rvice area as a functi n of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a functio
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Consid ring the requirement of the rate (load) based model to have an
accurate meas re for each cell’s capacity, in this work we presen a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each c ll with flexible syste c nfigur tion parameters.
3. P obl m Statement
As mentioned, the purpos of this work is to pr pose ethodology and
algorithms to ac urately estimate the DL throughp t or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr m , depending on the problem at and (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percen age
with res ect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unifi d formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 13: Maxi um number of users per TTI, parametrized by Ng = 1/6, 1/2, 1, 2, as a
functio of BW for a 4⇥ 4 MIMO co figuration with q = 1 (a) and q = 0 (b).
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For OFDMA-ba ed network, such as LTE, the vailable models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nati of the system configuration and the data-rate provision as a function
of the l ad distribution [15]. Th performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
match ng system configuration.
Co sidering the requir ment of the rate (load) based model to have an
accurate meas e for each cell’s capacity, in this work we prese t a mathemat-
ical metho ology to calculate the data-rate provision for multi-user scenarios
for ch cell with flexible syst m configur tion parameters.
3. Problem Stat m nt
As men ioned, the urpose of this work i to propose a methodology and
a gorithms to accurately es imate th DL th oughput or capacity (C [bit/s])
of LTE sys ems in realistic scena ios that onsiders the degradation that the
di↵erent verhead mechanisms produce.
Intuitively, user throughput increas s with the number of useful RE dur-
i g a give time interval of i terest. This time interval  t can be either 1
TTI or 1 f ame, depending on the problem at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
nu ber of useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh e A tRE, T nd O tRE, T represent, resp ctively, the total number of avail-
a le (all) and verhead REs within the time interval  t. Superscript  t
is n superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
components appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
rrors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-baedntwork,suchasLTE,theavailablemdelsanbe
senintwomajorcategoriesThepower-cotrolbasedmodelsstudythe
combinationofthesystemconfiguatonandtheserviceareaasafunctiono
SINRdistribution[14].Therat-controlbasedoelsfocusonthecobi-
nationofthesytemconfiguratinndthdta-ratervisionasafunction
ofthloaddistributio[15].Thepformncemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchigsysemcofiguration.
Consideringtherequiremenoftherae(load)basedmoeltohvean
accuratemeaureforeachell’scpacity,inthiswrkwerestaahemat-
icalmthodologytocalculaethedata-rateprovisionformuli-userscenaris
forchellwithflexiblesysteconfigurationparameter.
3.ProblemStatemnt
Asmntioned,theurposefthisworkistopropoamethdologynd
algoritmstoaccurtelystiaeDLthroughputorcpacity(C[bi/s])
ofLTEsystemsinralisticscenriosthtcnsidrstedegadiohthe
di↵erentovrheadmechanismspruce.
Intitively,userthrugptincreaseswiththenumerofusefulREdur-
ingagivenimeitrvalofiterest.Thistimeinterval tcanbeither1
TTIor1frame,dependigntheprobleathand(nuerofusers,file
sizetobedownloadbyanyuser,tc.).Inthispaprwewilllalthtotal
numberofusefulREs(thati,thoseforusrdat)duringatimeinterval t
byusinghenoation:
Overheadpercentage
withrespecttotheavailableREs
,BW(Hz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represnt,rspectively,thettalumberofvail-
able(ll)andoerheadREswithinthetimeinerval t.Superscrip t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsitution
withaunifiedforalism.Aswillbmodeledithispaper,someovrhead
componntsappearolyonceperframwhileothersarerepeatedeveryTTI.
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Figure 5: Ov head perc t ge (%), with res ect to A tRE, T, as a function of BW. Squared
symbo s repr sen s  OFra eRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
R , T
AFrameRE, T
⇥ 100
6.2. S nsi vity of overh ad n DCI leng h LDCI
As a fu ction of BW...
6.3. Influ e of Ng “PHICH Group S ali g Factor”
As a f nction of BW...
6.4. Sc nari 1: single user. LTE Maxi u DL Data-rate
W en th system is configured with its highe t parameters and all the
vailabl re urces are assigned to a single UE which is in the best reception
c ndition , the highest d ta-rate provision can be expected. An accurate
overh ad calculations that is customized with the system configuration, pro-
v des us with the exact amount f useful resources that can be assigned for
data-transmission.
Co si ering th maximum service provision capabilities of LTE, for max
data-ra e calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluenceoneaccpoentsafunctionofBW
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Consideringthrequirementoftherate(load)basedmoltohavean
accutemeasureforachcll’scapacity,ithiswokeprsentamathemat-
icalmethodolgyocalculaethedta-rateprovisionforulti-usrscenarios
foreachcellwithflexiblesystmconfigurationparameters.
3.ProblemSttement
Asmentioed,thepurposeofthisworkistoproposeamethodlogyand
algorithstoaccurateyestitetheDLthrougutrcapacity(C[bit/s])
ofLTEsystesnreaisticscenariosthatconsidrsthdegradationthatthe
di↵erentoverheadmechanisproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
igagiventimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1ame,dependingonthproblemathand(numberfusers,file
sizetobedownloadyayuser,etc.).Ithispaperwewilllabelthetotal
numberofusefulREs(thais,thoforusrdata)duringatimeinterval t
yusingtenotation:
Bandwidth,BW(MHz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetieinterval t.Superscript 
isnotsuperfluossinceitwillassistuinodelingavarietyfstuation
withanunifiedforalism.Aswillbemdledinthispaper,smeoverhead
compoentsappearonlyceprframewhiltrsarerepeatedeveryTTI.
ToproceedfurtherwihLTEcapcityestimationitisconvenienttocon-
siderthtnotallthebisareusedtotrnsportuserdatabtalsotodetect
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6.2.SnsitivityfoverhadoDCIlengthL
DCI
AsafunctionofBW...
6.3.InflueceofN
g
“PHICHGroupScalingFactor”
AsafunctioofBW...
6.4.Scenario1:ingleuser.LTEMaxiuDLData-rate
Wenthesystemiscnfiguredwithisigtparamersadallhe
availableresorcreassigedtosilUEwihsinthebstrecepon
cnditions,highestdaa-rateprvisioncanbexpected.Aacurte
ovehadclculationsthatiscustizedwiththeystemconfigurtion,r-
videsuswitthxactamountofusefulresourcethatcnbeassignfor
dat-trsmission.
ConsidrigthemaximumserviceproviincapabilitiesofLTE,formax
data-ratecalculio,hefllowingsysemcnfigurationshallbeapplied:
•ThehighetBWof2MHz(N
RB
=100adP=4)
•Thhighsspatalmultilexinglevel,iplying2codewords(q=1),
and4⇥4MIMO(⌦=4).
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Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• F r n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% whil OPDCCH rises up o
⇡ 30%
• F r n = 1 OPDCCH bec mes cl arly d mi ant (⇡ 38%) when co -
pared to th others.
Figure 15 represe ts the peak da a rat (Mbps) s a function of BW
( Hz), p r me rized by the nu ber of tra smit ing antennas, n. Consider-
ing th allowe valu s for q i each onfiguration, five case are r presented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ MI O and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
the e calcul tions, Ng as be n assumed Ng = 2 because of the conservative
d sign criteria me tione before (since we have found it only a↵ects in X%
[REVISA ]). Figure 15 reveals th t, although th use of MIMO schemes
with q = 1 (two code ords) is superior to SISO in all the BWs, howe er,
this is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak data rate fo SISO is ⇡ 85 MHz, which is g ater
th n the one of 2⇥ 2 MIMO with q 0 (⇡ 82 bps), nd 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
1, q = 0
2⇥ 2, q = 0
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Figure 14: Ove head perce tage (%) n = 1, with respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS educes up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pared to the others.
Figure 15 represents th peak data rat ( bps) s function of BW
(MHz), arametrized b the number of tra mitting nte as, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
these calculations, Ng has been assumed Ng = 2 because of the conservative
design criteri mentioned before (since e have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, lthough the use of MIMO schemes
wi h q = 1 (two codewords) is supe ior to SISO i all the BWs, however,
this is no th c s when using only 1 codeword (q = 0). For instan e, for
BW = 20 MHz, the peak data rate for SISO is ⇡ 85 MHz, which is great r
th n the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 M ps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each co figuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
t be Ng = 2.
A key find ng in Figure 15 is that, when only 1 codeword is used (q = 0),
i creasing the nu ber of antennae n does not imply automatically a higher
bit rate. This is clear hen inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) an red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), arametrized by the number of transmitting antennas, n. Considering the allowed
values for q in each configuration, we have represented he following fiv cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi h q = 0. 5) 4⇥4 MIMO with q = 1. In th e calculations, Ng has been as umed
to be N = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of anten ae n does not imply automatically a higher
bit rate. This is clear wh n inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and re (n = 4, q = 0). Once we set the BW,
increasing n reduces T . Th s is because of the additional reference sig al
r sources hat are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number f UE per TTI
The overhead modeling presented in his paper is also useful to comput
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maxi um number of users’ equipments UEs
supported by a cell, as the active u ers can be scheduled in distributed TTIs.
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Figure 15: Lowe bound g 2) of the p ak data rate ( bps) as a function of B
( z), para etrized by the nu ber of trans itting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SIS ,
ith n 1andq 0. 2) 2 2 I ith q 0. 3) 2 2 I ith q 1. 4) 4 4
I i q 0. 5) 4 4 I ith q 1. In th e calculations, g has been as u ed
to be g 2.
key finding in igure 15 i that, hen o ly 1 code ord is used (q 0),
i creasing the nu ber of antenna d s not i ply auto atically a higher
bit rate. his is clear hen insp cting the colu ns ith color grey ( 1,
q 0), yello ( 2, q 0) and red ( 4, q 0). nce e set the ,
increasing reduces T . his is because of the additional reference sig al
r sources th t are i posed by high r order trans ission antennas, as sho n
in ig res 12, 13, and 14.
9.4. axi u nu ber of pe I
he overhead odeling present d in t is paper is also useful to co pute
the axi u nu ber of that can be scheduled in each I. his feature
ust not be istaken ith the axi u nu ber of users’ equip ents s
supported by a cell, s the active users can be scheduled in distributed Is.
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Fi ur 15: Low r bound (N = 2 of the pe k data rate (Mbps) as a function of BW
(MHz), par metrized by the numb r f transmitting anten as, n. Considering the allowed
val e for q i each configuration, we hav r presented he following five cas s: 1) SISO,
with = 1andq = 0. 2) 2 ⇥ 2 MIMO wi h q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng h s been assum d
to be Ng = 2.
Ng:
A key finding in Figure 15 is that, when o ly codeword is used (q = 0),
incre sing t e nu ber of nt nnae n do s no imply automatically a higher
bi r e. This is clear wh n ins ecting the colum s with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
i cr asing n reduc s T . This is because of the additional reference signal
res ur es th t are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE p r TTI
NTTIiUE |MAX
The overhead modeling presented in is paper is also u eful to compute
th axi um number of UE that can be scheduled in each TTI. This feature
st not be mistaken with the maximum num er of u ers’ equipments UEs
supported by a ell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
39
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioed,thepuposeofthisworkistopropseamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystmsinrelisticscenariothatconsidersthedegradatinthatthe
di↵rentovrhamechanismsproduce.
Intutivly,userthrughputincreseswithtnumbrofuefulREdur-
ingagiventimentervalofinterest.Thistiminterva tcanbeeither1
TTIor1fame,dependigontheproblemathand(numbrofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nuberfusefulREs(this,thoseforuserdata)duingtimeiterval t
byusigtheoation:
 O
Frame
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
anO
 t
RE,T
represent,respectively,thetotalnumberofavail-
abl(all)andoverheadREswithinthetimeinterval t.Superscript t
isntsuperfluoussinceitwillassistusinmodelingavarietyofsituation
wihanunifidformalim.Aswillbemodeledinthispaper,someoverhead
cpentspparolyperfrawhileothrsrerepatedeveryTTI.
TprocefurthitLTEcapctyestiationitisconvenientocon-
siderthatntallthebitsrsedtotrnsportuserdatabutalsotodetect
errors(forinstance,CyclicRedunancyCheck(CRC)bits).Thserdata
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6.4.Scnario1:inglusr.LTEMaxiuDLDat-rate
Whnthesystemiscnfigurdwithitshigetparamersadallhe
availablresourcaressigdtoasleUEwhiisinthbestecetion
conditions,thigestdt-tprovsioncanbeexpected.Anccurate
overedclulatihtscusomizedwithtesyseconfiguration,pro-
videsswiththeexactmntfusefulresourcesthtcanbeassignfr
data-tansisson.
ConideringthemaximserviceprovisiocapabiliisofLTE,formax
dat-rtelculti,thefollowingsysemconfigurnshallbeapplied:
•ThehihestBWof20MHz(N
RB
=100adP=4)
•Thihstsialultiplexiglevel,iplyng2odewords(q=1),
d4⇥4MIMO(⌦=4).
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bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptableamaximumerrorof4%,thiswillprovideusa
asafetyfactorthatincludesthepossibilityofnotbeingabletouseN
g
=1/6.
WewillconsiderfromnowonN
g
=2sinceiisaconservativdesign(worst
case)that,fromapractialpointofview,lightlyunderestimatethpeak-
datarate(⇡4%).
9.3.Overheadandcapacityasafunctionofthenumberoftransmittingan-
tennas,n
Figure11showsthepeakdatarate(Mbps)asafunctionofBW(MHz)
parametrizedbythenumberoftransmittingantenns,n=1,2,and4,re-
spctively.Whatismoreintresingisthewaytheoverheadcomponnts
haveadi↵erentipactonthetotaloverheadasafunctionofn,asshownin
Figures12,13,and14.
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For OFDMA-base netw rk, such s LTE, the availab e mod ls c n b
s i two ajor catego i s. The power-co trol bas d mo els study t e
combina io f the syst m configuration and th servic area s a func ion of
SINR distributi n [14]. Th t - o t ol based odels focus n the combi-
natio of th system configuration and th data-rate provision as a functio
of th load distrib on [15]. T e perfor anc odel is the the optimized
sol tion o provide he dema ed data-rate in the targ t ar a, b low t e best
matching system configur t on.
Consi ering the requir ment of he rate (l ad) based model to have an
accurate measure fo each cell’s capacity, in this work we present a mathemat-
cal methodology o calculate the da a- ate p ovision for multi-user scenarios
for each cell with fl xible syste c nfiguration param er .
3. P blem Statement
As mentione , the purpos of t is work is to pr po e a ethodol gy and
algorithms to accurately esti ate t e L throughput r capacity (C [bit/s])
of LTE syst ms in realistic scenarios that considers t degradation that the
di↵er nt overh ad m chanisms produce.
I tuitively, user t roughput increases with the number of useful RE dur-
i g a given time in erval f in rest. This time interval  t can be either 1
TTI or 1 fr me, depending on the pro lem a an (number of users, file
size to be dow load by any user, etc.). In this p per we will label the total
umber f useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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ical methodology to calculate the data-rate provision for mul i-u er scenari s
for each cell with flexible system configura ion paramete s.
3. Problem Stateme
As mentione , the purpose of this w rk is to pr pose a methodology nd
algorithms to ccurately estimate the DL throughput or capacity (C [bit/s])
f LTE systems in realistic sc nari s t at considers the degradat on hat the
di↵erent overhe d mechanisms pr duce.
Intuitively, user throughput increases with he number of useful RE dur-
ing a given time interval of interest. This ti e inte val  t can be either 1
TTI or 1 frame, depending o the proble at hand (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user d ta) uring a tim in erval  t
by using the notation:
Overhead p rcentage
(with respect to the available REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, he total number of avail-
able (all) and overhead REs within the time interval  t. Superscript  t
is not superfluous sinc it ill assist us in modeling a variety of situation
with an unified formalism. As will be model d in his paper, some overhead
components appear only once per frame while others are repeated every TTI.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
c mbina ion of th system configurati n and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configur tio and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solu ion to provide th demanded data-rate in the target area, below the best
matching system configuration.
Considering th requir ment of the rate (load) based model to have an
accurate measure f r ach cell’s capaci y, in this work we present a mathemat-
ical methodol gy to calculat the d ta-rate provision for multi-user scenarios
for e ch ell with flexible system configuration parameters.
3. Proble Stat ment
As mentioned, the purp se of his work is to propose a methodology and
algo i ms to accu ately estimate the DL throughput or capacity (C [bit/s])
f LTE systems in r alistic scenarios that considers the degradation that the
di↵erent over ead mechanisms produce.
Intuitively, ser throughput increases with the number of useful RE dur-
i g a give t m interval of int rest. This time interval  t can be either 1
TTI or 1 frame, dep nding on the problem at hand (number of users, file
size o be download by any user, e c.). In this paper we will label the total
numb of useful REs ( hat is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T rep esent, respectively, the total number of avail-
abl (all) a d overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
componen s appear only once per frame while others are repeated every TTI.
To pr ceed further with LTE capacity estimation it is convenient to con-
sider that not all the its are use o ransport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
c mbi a ion of th sys em configurati n and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
ation of the system configur tio and the data-rate provisi as a function
of the load distribution [15]. The performance model is then the optimized
solu ion to provide th demanded data-rate in the target area, below the best
mat h ng system configuration.
Considering th requir ment of the rate (load) based model to have an
c ur te m asure for ach c ll’s capaci y, in this work we present a mathemat-
i l methodol gy t calculat the d ta-ra e provision for mul i-user scenarios
for e ch cell with fl xible ystem configuration parameters.
3. Problem St t ment
As m ntioned, the purp se of this work is to propose a methodology and
algori ms to accu ately estimate the DL throughput or capacity (C [bit/s])
of LTE sys s in r alistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
Intuitiv ly, ser throughput increases with the number of useful RE dur-
i g a given ti interval of int rest. This time interval  t can be either 1
TTI r frame, depending on the problem at hand (number of users, file
size to be download by any user, e c.). In this paper we will label the total
numb of us ful REs ( hat is, those for user data) during a time interval  t
by using the not tion:
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T rep esent, respectively, the total number of avail-
abl (all) a d overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
co po en s ppear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that ot all the its are use o ransport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The ower-control based mod ls study he
combination f th system c nfiguration and the service area as a function of
SINR distrib ti [14]. The rate-control based models focus on the combi-
n tion of the sys em c figuration a d the data-rate pr vision as a function
of the load distr bution [15]. The p formance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Consideri g the requirement of the rate (load) based model to have an
accur te measure for each cell’s capacity, in this work we present a mathemat-
ical me hodol gy to calculate the data-rate provision for multi-user scenarios
for e ch cell with flexible system configuration parameters.
3. Probl m Stat ment
As mentioned, the purpose of this work is to propose a methodology and
algorith s to ccurat ly stimate the DL throughput or capacity (C [ it/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhead mechanisms produce.
I tuitively, ser throughput increases with the number of useful RE dur-
ing given time nt rval of interest. This time interval  t can be either 1
TTI o 1 frame, depending on the problem at hand (number of users, file
siz t be downloa by any user, etc.). In this paper we will label the total
nu ber of u eful REs (that is, those for user data) during a time interval  t
by us ng the notation:
Bandwidth, BW (MHz)
 OT IRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) an ov rh ad REs within the time int rval  t. Superscript  t
is not uperfluous since it will assist us in modeling a variety of situation
with n unified formalism. As will be modeled in this paper, some overhead
components appear onl once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider th t not all the bits are used to transport user data but also to detect
5
6.
1.
In
fl
ue
n
ce
on
ea
ch
co
m
po
n
en
t
as
a
fu
n
ct
io
n
of
B
W
F
or
1.
4
is
31
%
.
R
S
is
91
%
..
.
F
or
20
M
H
z
is
16
%
.
R
S
is
46
%
..
.
10
#
15
#
20
#
25
#
30
#
35
#
1,
4#
3#
5#
10
#
15
#
20
#
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OF
ra
m
e
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwrk,suchasLTE,theavailablemdelscanbe
seeintwomajorcategoies.Thepower-controlbasedmodelsstudyhe
combinationoftesystemconfiguratioandtheservieareaasafunctoof
SINRdistribution[14].Therate-controlaedmodelocusnhecombi-
nationofthesysteconfigurationandtedata-rateproviionaafuncio
oftheloaddistribution[15].Theerforancemodelsthethoptimized
solutiontoprovidethedemandddata-rateinthetargetarablowthebest
matchingsystemconfigraion.
Cnsideringtherequireentofthre(load)basedmodeltohvean
accuraemesueforachcell’scapacity,inthisworkwepretamathemat-
icalmethodologytocalcultetheat-rateprvisionforulti-userscearios
foreachcellwithflxiblesystemconfigurationparamter.
3.ProblemStatmnt
Asmentioned,thepurposeofthsworkisoposeamethodlogyad
algorithstoaccuratelyestimatetheDLthroughputorcaacity(C[bit/])
ofLTEystemsinrealisticscenariosthatconsierstheegrdationthatthe
di↵erentoverheadmechanismsprodue.
Intuitively,userthroughputincreaseswihthenumberofusefulREdur-
ngagiventimeintervalfinterest.Thistimeintrval tcanbeeither1
TTIor1frame,depeningontheproblemathand(numberofusers,file
sizetobewnloadbyanyuser,tc.).Inthispaprwewilllabelthettal
numberofusefulREs(thatis,thoeforuserdata)durngtieinterval t
byusingthettion:
Overheadpercentage
witrespecttotheavailableREs
,BW(MHz)
 O
TTI
RE,T
(%)=
O
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RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
lll)adoerhadREswithintheimeinterval t.Supescript t
iotperfluoussinceitwillassistuinmdelngavarityofsiutio
wihnunfiedfrmalis.Aswillemodeledinthispapr,someoverhead
cmponntappearolyonceprframewhilohersarrpetedeveryTTI.
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Figure 5: Overhe d perce tage (%), with respect to A tRE, T, as a function of BW. Squared
sy bols represents  OFrameRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6.2. S nsitiv y of overhead on DCI length LDCI
As a functio of BW...
6.3. I fl ence of Ng “PHICH Gr up Scaling Factor”
As a func n of BW...
6.4. Scenario 1: singl user. LTE Maximum DL Data-rate
When t system is c nfigured wi h its highest parameters and all the
v ilabl re our e are ssigne to a si gl UE which is in the best reception
onditions, th hig st ata- ate p ovision can be expected. An accurate
over ead calcul ions t at is customized with the system configuration, pro-
vides u ith the exact amount of useful resources that can be assigned for
data-trans ission.
Considering th maximum service provision capabilities of LTE, for max
da a-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to he ota REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduc s up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes clearly d minant (⇡ 38%) when com-
pared to th others.
Fig re 15 represents the peak da a at (Mbps) as a function of BW
(MHz), parametrize by t e nu b r of transmit ing antennas, n. Consider-
ing the all d values for q in each configuration, five cases are represented:
1) SISO, with n = 1a dq = 0. ) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
th e calcula ions, Ng a be n assume Ng = 2 because of the conservative
design crit ria e tioned before (since w have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
with q = 1 (two codewords) is superior to SISO in all the BWs, however,
his is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak data ra e for SISO is ⇡ 85 MHz, which is g ater
tha the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
1, q = 0
2⇥ 2, q = 0
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Figure 14: Overhead percentage (%) n = 1, with respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pared to the others.
Figure 15 represents th peak data rate (Mbps) as a function of BW
(MHz), parametrized y the number of tra smitting antennas, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SIS , with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
these calculations, Ng has been assumed Ng = 2 because of the conservative
design criteria mentioned before (since we have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
wi h q = 1 (t o codewords) is superior to SISO in all the BWs, however,
this is no the c se when using only 1 codeword (q = 0). For instan e, for
BW = 20 MHz, t e pe k data rate for SISO is ⇡ 85 MHz, which is great r
th n the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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increasi g n reduces T . This is because of the additional reference sig al
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MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng h s been assum d
t be Ng = 2.
Ng:
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
i cr asing the umber of ntennae n d s no imply automatically a higher
bit ra e. This is clear whe inspecting the columns with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figu es 12, 13, and 14.
9.4. Maximum number of UE per TTI
NTTIiUE |MAX
The o erhead modeling presen d in is paper is also u eful to compute
the maximum nu ber of UE that can be scheduled in each TTI. This feature
st not be mistaken with the maximum number of u ers’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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For1.4is31%.RSis91%...
For20MHzis16%.RSis46%...
10#
15#
20#
25#
30#
35#
1,4#3#5#10#15#20#
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelstudythe
cmbinationofthesystemconfigurationndthservicereaasafunctionof
SINRdistribution[14].Therate-conrolbasedodelsfocusonthecombi-
natioofthesystemconfigurationandthedta-raeprovsionasafunction
oftheloaddistributio[15].Theprformancemodelistheheopmized
solutiontoprovidethedemandeddata-ratinthetargetare,blwbst
matchingsystemconfiguration.
Consideringtherequirmentoftherate(load)basedodelohvean
accuratemeasureforeaccell’scapacit,inisworkwepresntamathmt-
icalmethodologytocalcultethdata-rateprvisonfmulti-userscenarios
forechcellwithflexibleytemconfigurationparamters.
3ProbleStatement
Asmentined,thepurposeofthisworkistopropeamthoologynd
algritmstaccuratelyesimttheDLthroughpuorcapacity(C[bit/s])
ofLsysemsinrealisticscenariostatconsidersthedgradatiththe
d↵eretoverheadmechanismsproduce.
Intuitively,userthroughptincreaseswithtnumberofusfulREdr-
ingagiventimeieralofinterst.Thistimeintvl tcanbeeither1
TTIo1frame,depndigontheproblmathand(numberofusrs,file
sizetobedownloadbyanyuser,etc.).Inthispapwewilllabelthettl
numberfsefulREs(thts,thoseforuserdata)duringaiminterval t
byusingthenotaio:
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cooentsappearnlynceperframeilthersrpedvyTTI.
ToproceedfrthrwithLTEcpaciyestiatoitisconveienttocon-
siderthatnotalltbitareusedtotransprtusedatabutalsoodeect
erros(forinstac,CclicReduancyCheck(CRC)is).Thedat
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bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbs(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasaccepableamaximumerrorof4%,thiswillprovideus
asafetyfactorthatincludesthepossibilityofnobeingabletouseN
g
=1/6.
WewillconsiderfromnownN
g
=2sinciisaconsrvativdesign(wors
cas)that,fromapractialpointofview,lightlyunderestimatehpeak-
datrate(⇡4%).
9.3.Overheadndcapaciyasafunctionoftenumbroftransmittinga-
tennas,n
Figure11showthepeakdatarate(Mbps)asafunctionofBW(MHz)
paramerizedbythenumbroftrnsmittingantenns,n=1,2,an4,-
spctively.Whatismoreintresingisthewaythoverheadcmpons
haveadi↵eentipactonthetotaloverheadasfunctionofn,asshownin
Figures12,13,and14.
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oftheloaddistribution[15].Theperformancemodelisthentheptimized
solutintoprovidethedemandeddata-rateinthetargetaea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accurtemesureforachcell’scapacity,inthisworkwepresentamtemat-
icalmethodologytoclculatethedta-rateprovisionformulti-usersenrios
foeachcellwithflexiblsystemconfigurationparameters.
3.ProblemSttemen
Asmentined,thpurpsethisworkistproposeamethodlogyad
algrithmstocratelyestimatetheDLhoughputrcapaity(C[b/s])
fLTEsystsinrealisticscenaisthatcnirsthegradationthatth
di↵erentoverheadmechaismsproduce.
Intuitively,srthroughputincreasesiththenmbrofusefulREdur-
iggivtimeintervalofintrest.Thistiminterval tcabeeither1
TTIor1fram,depndingontheproblemathand(nuberofusers,file
sizetbeownloadbyanyuser,etc.).Inthispaperweilllbelthetotal
numbrfusulREs(thatis,thosfouseraa)duringatimeinterval t
byusingthenottio:
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c mbination of the syste o figura i n and the s rvice are as a func ion f
SIN distribution [14]. he rate-contr l based dels fo us o the combi-
natio of the system configur ti n and the data-rate provision as a function
f the load dist ibutio [15]. The performance o el i then the opti ized
solutio to provide th deman ed data-r e in the targe area, below the best
matchi g sy tem c nfiguration.
C nsidering the requir ment of the rate (load) based model to have an
accur te measure for each c ll’s c pacity, in this work we pr s nt a mathemat-
i al ethodology to c lculat the data-ra e provision for multi-user cena ios
for each cell wit fl xible syste c nfiguration parameters.
3. P oblem Stat ment
As me tioned, the purpos of this work is to pr pose a ethod lo y and
algorithms to accurately es i ate the DL throughput or cap city (C [bit/s])
of LTE syste s in re listic scenarios that considers t degradation that the
di↵er nt overhead echanisms produce.
Intu tively, us r throughput i crea es with the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on he problem at and ( umber of users, fil
size to be download by ny user, etc.). I this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the no ation:
Overhead percentage
with resp ct to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 4: Maxim m nu ber of users p r TTI, pa ametriz d by Ng = 1/6, 1/2, 1, 2, as a
funct on of BW for 2⇥ 2 MIMO configu atio with q = 1 (a) and q = 0 (b).
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For OFDMA-based network, such as LTE, the available models can be
se n i two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of t e load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Co sidering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
cal methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible system configuration parameters.
3. Pr bl m Statement
As mentioned, the purpose of this work is to propose a methodology and
algo ith s to accurately estimat the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers the degradation that the
di↵erent overhe d mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a give time interval of interest. This time interval  t can be either 1
TTI or 1 frame, depending on the problem at hand (number of users, file
ize t be download by ny user, etc.). In this paper we will label the total
number f useful REs (that is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T and O tRE, T represe t, r spectively, the total number of avail-
able (all) nd over ad REs within the time interval  t. Superscript  t
is n t superfluous ince it will assist us in modeling a variety of situation
with a unified formalism. As will be modeled in this paper, some overhead
co nents appear only once per frame while others are repeated every TTI.
To proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bits are used to transport user data but also to detect
errors (f r instance, Cyclic Redundancy Check (CRC) bits). The user data
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!!!!!!!!!!!!!!!!Simina
ForOFDMA-bsednetwork,sucsLTE,theavailablmodlscab
seeintwomajorcaegories.Thepwr-controlbseddelssudythe
combinaionofthesystemofiguraionandtheserviceareafucionof
SINRdistributin[14].Terat-contolbaedmodelsfocushecobi-
natinofthesystemcnfigurationndtdata-atpvisionsfncion
oftheloaddistributin[15].Therformancemodlstnoimized
soluiotoprovidethdemadeddata-atintagtara,blowthe
tchigsytemconfiguration.
Consideringterequirementofterae(lod)baseddetohvan
accuratemeasurefoeachcell’scapacity,ithiswokweprsamathemat-
icalmetodolgytocalculatethdata-ratepovisionformuli-escearios
frachcellwithflexiblesystemcnfigationpamees.
3.ProbleSatnt
Asmentioned,thepurpseofthiswrkistoprpsmehdolgnd
algoritstoccuratelyestimaetheDLthrougptorcapity(C[bit/s])
ofLTEsystinrealisticscenriosthaonsidesthedegraatiothatth
di↵erntoverheadechanismspoduce.
Intuitively,userthrouhputncreseswithheuberfsefulEdur-
ingagiventimeintervalofinteet.Thistimeitervaltcbeihe1
TTIor1frame,dependigonthepobleathand(nuberofusefil
sizetbedwnldbyyuer,ec.).niprwewilllabelthtota
umberofusefulREs(hatis,thoseforuseraa)durigatmeintrvl t
byuigthenotati:
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RE,T
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RE,T
repesent,respectively,heoalnubeofavl-
able(ll)andoerhadREswitintheimeinrval t.Superscript t
isnotsuperfluoussinceitwillassistuinmodelngavarietyofsitaon
witnunifiedfoalism.Asillbemoldintispaper,omoverhead
omponntsppeaolyonceperfamewhilohrsarerepeatedevryTTI.
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Figu e 5: Ove h ad p rcentag (%), wit r spect t A tRE, T, s a function of BW. Squared
symb ls repr s ts  OFr meRE, T(%)  OTTIRE, T(%).
 OTTIRE, (%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
6 2 S n ivity f v rhead o DCI leng h LDCI
A function of BW..
6.3. I flue c of Ng “PHICH Group Scali g Factor”
A fu tion f BW...
6.4. Scen rio 1: single user. LTE Maximum DL Data- ate
When the s st m is onfi ured with its high st parameters and all the
v lable resources are assign d to a single UE which is in the best reception
co ditions, the highest data-rate provision can be expected. An accurate
verhead calculations that is customized with the system configuration, pro-
vid us w th the exac a ount of useful resou ces that can be assigned for
data-tr nsmissio .
Consider ng maximum servi e provision capabilities of LTE, for max
data-rate alculation, the foll wing system configurati n shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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3.PrblStam
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TTIor1framedpedingotheprobleahd(uberofses,file
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RE,T
 O
 t
RE,T
,(1)
whA
 t
RE,T
ndO
 t
R,T
rpresen,respctivly,httalumberfaval-
ble(ll)andoerhedREswihinthetieitrval t.Suprscrip 
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sidrtatnotallhebitsareuedotrsportusrtbutald
rrors(forinstancCyclicRendancyChck(CC)bits).Teusrdta
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b
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an
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[14].
T
h
e
rate-control
b
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b
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b
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con
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at
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e
n
otation
:
O
verh
ead
p
ercentage
w
ith
resp
ect
to
th
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Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• Fo n = 2,  ORS reduc s up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes clearly d minant (⇡ 38%) when com-
pared to th others.
Figure 15 represents the p ak da a rat (Mbps) as a function of BW
(MHz), parametrized by the u ber of transmit ing antennas, n. Consider-
ing the allow d value for q in each configuration, five cases are represented:
1) SISO, th n = 1andq = 0. 2) 2 ⇥ 2 MIMO nd q = 0. 3) 2 ⇥ 2 MIMO
a d q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
the e calculations, Ng as be n assumed Ng = 2 because of the conservative
d sig criteria mentioned bef re (since we have f und it only a↵ects in X%
[REVI AR]). Figure 15 reveals that, although the use of MIMO schemes
with q = 1 (two codewords) is superior to SISO in all the BWs, however,
this is o he case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, th p k d ta te for SISO is ⇡ 85 MHz, which is g ater
an the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 D CH bec es clearly dominant (⇡ 38%) when com-
pared to the others.
Figure 15 represents th peak data rate (Mbps) as a function of BW
(MHz), parame r zed by the number of tra smitting antennas, n. Consider-
ng the allowed values for q in each configuration, five cases are represented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
these calculations, Ng has been assumed Ng = 2 because of the conservative
design criteri mentioned before (since we have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
wi h q = 1 (tw codewords) is superi r to SISO in all the BWs, however,
this is no th cas when using onl 1 codeword (q = 0). For instan e, for
BW = 20 MHz, the peak data rate for SISO is ⇡ 85 MHz, which is great r
th n he one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), nd 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these c lculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n d es not imply automatically a higher
bi rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow ( = 2, q = 0) a d red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is cause of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. M ximum umber of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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A k y finding in Figure 15 is tha , when o ly 1 codeword is used (q = 0),
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q = 0), yellow (n = 2, q 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference sig al
reso rces that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number f UE per TTI
The overhead modeling presented in is paper is also useful to comput
th maximu n m er of UEs th t can be sch duled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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Figu 15: Lower b und (Ng = 2 of the peak data rate (Mbps) as a function of BW
(MHz), param tr zed by the numb r of transmitting antennas, n. C nsidering the allowed
val es f r q each co fig rati n, we hav represent d he following five cas : 1) SISO,
wit = 1a q = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In thes calculations, Ng h s b en assum d
to be Ng = 2.
Ng:
A key fin g i Fig re 15 that, when only 1 co eword is used (q = 0),
i creasing th umber of ntenn e do s o imply aut matical y higher
bit ra e. his is clear when inspecting the column with lor grey (n = 1,
q = 0), yell (n = 2, q 0) and red (n = 4, q = 0). Once we set the BW,
in re sing r duces T . T is is because of the additional r ference signal
resources that are i posed by higher order tra smission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum mber of UE per TTI
NTTIiUE |MAX
The overhead modeling presented in is paper is also u eful to compute
the maximum u ber of UE that can be scheduled in each TTI. This feature
s not be mistaken with the maximu nu ber of u rs’ equipments UEs
suppo ted by a c ll, s the active users can be ched led in di tributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
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th
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ro
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gh
p
u
t
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in
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al
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tu
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el
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th
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p
u
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nu
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b
er
of
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R
E
d
u
r-
in
g
a
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n
ti
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e
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al
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b
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or
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fr
am
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d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
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et
c.
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In
th
is
p
ap
er
w
e
w
il
l
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b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
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d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
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n
g
th
e
n
ot
at
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n
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ra
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m
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R
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⇥
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t
R
E
,
T
=
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t
R
E
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 
O 
t
R
E
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)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
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T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
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ab
le
(a
ll
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an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
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u
p
er
sc
ri
p
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ce
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il
l
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u
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in
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od
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g
a
va
ri
et
y
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si
tu
at
io
n
w
it
h
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u
n
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ed
fo
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al
is
m
.
A
s
w
il
l
b
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ea
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ea
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p
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re
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te
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ev
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T
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ro
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at
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d
er
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l
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b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
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b
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-contrlbsedmodelsstudyth
combinatioofthesystemconfiguratinndheserviceareaasafunctionof
SINRdisribution[14].Therate-controlbsedmodelsfocusonthecombi-
nationoftesysteconfigurationndthedta-rteprovisionasafuction
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matchngsystemconfiguration.
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icalmhodologytoalculatethedt-ratepovisioformult-userscnarios
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3.ProblmStatt
Asetionedtpurseofthiworkisproposeaethodologyand
algorithmstoactelystattheDLthruhputrcapiy(C[bi/s])
ofLTEsystemsnrelisticcnariosthatosidhedegradaioththe
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Intuitively,userthrughputncresswiththeumberofusefulREdur-
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bsingthenotion:
O
Frme
RE,T
(%)=
O
Fram
RE,T
A
Frame
RE,T
⇥100
U
 
RE,T
=A
 
RE,T
 O
t
RE,T
,(1)
whereA
 
RE,T
dO
 t
RE,T
prset,spctivly,theotalnumberfavail-
able(all)dveheadREswthietimeintrval t.Sperscrp 
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!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
w
ith
resp
ect
to
th
e
availab
le
R
E
s
,
B
W
(M
H
z)
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
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Intuitively,uerthroughputncreasswithhenumbrofusefuREdur-
igagiveimeinervaloftrst.Tistimeintrval cnbeeiher1
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F r OFDMA- as d n twork, such as LTE, the available models can be
seen in t o maj r categ ries. The power-con r l based models study the
mb n ti f yste co figuratio an the service are as a function of
SINR d stribu ion [14]. The rate-contr l base mod ls focus o t e combi-
tio of t e sys e co figurati n an the d ta-rate provision as func o
of the loa distribution [15]. he perf rm n e model is hen th optimized
sol ti n to p vide t e de nded at -r e in he t rge a ea, below the best
ma chi g syst m co figuration.
Co sid r ng the requiremen of the r e (load) based odel to have an
accu e m as re for e ch c ll’s c p city, this work w pres nt a m the at-
i al methodology o calcul te t e data-rate pr vision for ulti-user sc n rios
for ea cell with flexible syste c nfi uration p ameters.
3. P ob m St t ment
As m tioned, the purpos of this work is to pr pos a ethodology and
algorithms to a curately stim te the DL t r ughput or capacity (C [bit/s])
f LTE systems in reali tic scenarios t a c nsiders t degrad tion that the
di↵ r nt verhead mechanisms produc .
Intuitiv ly, u e th o ghpu increases with the number of u eful RE dur-
i g a give time int rval f in erest. hi ti interv l   can either 1
TTI or 1 fr me, depending on t e problem at and (number of users, file
size t be d wnload by any u er, etc.). In this pa e we w ll label the total
umber of useful REs (that is, those for user data) during a time i terval  t
by using e otation:
Overhead p rce age
with respect to th av ilable REs
, BW ( Hz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T an O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not s p rfluous since it will assist u in model ng a variety of situation
with an nified formalism. As will b mo eled in this pape , some overhead
c pon nts appear o ly once per frame while others are rep ated every TTI.
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atching system configurati n.
Considering the requirement f the rate (load) based mod l to have an
accurate m asure fo each cell’s capacity, in this work we present a mathemat-
ical methodology t calculate the dat -rat provision for multi-user scenarios
for each cell with flexible system configura ion parameters.
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ForOFDMA-basedntwork,suchasLTE,theavailablemodelscnbe
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oftheloaddistribution[15].heperformancemodelisthentheopimized
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3.ProblmStatement
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di↵erentoverheadmechnissroduce.
Intuitively,userthrughputicressiththumberofusefulREdur-
ingagiventieinrvalofinterest.Thistmeintral tcanbeeither1
TTIor1frae,dpdingntheproblematad(nubofuss,fil
izbedownloadyanyr,etc.).Itipaperwewilllabelthtotl
numbrofusfulREs(thishsefrsdta)uringatimirvl 
byusingthenotation:
 O
Fra
RE,T
(%)=
O
Frame
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 
t
RE,T
,()
whereA
 t
RE,
O
 t
RE,T
reprsentrespecivly,tolnumberfavail-
able(all)anvrhedREwithnttimeintrval .Surcrit t
istsuperfluusiceitwillssisusinmodelingvarieyofsituation
witanunifidformlism.Awillbemdldinthispaper,someoverhead
oponetsapprolynceprfmwhilohrsarrepeatdevryTI.
ToprocfurherwithLTcapaityesimatiniisconvenintoc-
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acuratmeasurefoechcell’scapity,inthisworkwepresentmaema-
icalmthodologytclculatetedata-ratprovisionfrul-uerscenars
frehcellwithflxblesystemcofiguationpaeters.
3.ProemStatemnt
Asmentioed,theprposfthiswrkisoproposemehodogyand
alrthmstoaccuratelyestimatetheDLthrugpuorcapacty(C[bi/])
ofLTEsystmsirlisticcnrosthatcnsidesthedegraationhathe
di↵retvrheadmechanisprduce.
Intitivel,userroghpuicraswihthumbfseflREdur-
inggivntimeinrvalofiterest.Tistimintervaltcbeeither1
TTIor1frame,pendingonthepoblahand(numberofuss,fi
sizetobwnladbyanyr,c.).Itisparwwilllaelthetotal
nuberofusfulREs(htis,thfruserdata)uringaeintevalt
byusigthentation:
 O
TTI
RE,
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,
 O
 t
RE,T
,(1)
werA
 t
RE,T
aO
 t
RE,T
rpresen,repctivly,tetlnumberofavail-
able(all)andveredRswithinttintervl .Suerscript 
isotsurfluossinceitwilassistusimelingavrieyfsituio
withaifiedforalis.Aswilbmodelithipape,meovera
cponentapparnlyoncerfrmewhileorsarpterTTI.
TprcefutherwihLcaciyestitioiscnveientto-
sderhatntllthebitsrstansprsedtbutlsotdct
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5
10
15
20
bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleastoabitrae303Mbps(uingN
g
=/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptablamaximumerrorof4%,thiswillpovideusa
asafetyfactorthatincludesthepossibilityofntbeingabltouseN
g
=1/6.
WewillconsiderfronowonN
g
=2sinciisacnservativdesign(wrst
case)that,frompractalpointofview,lightlyunderestimatethpak-
datarate(⇡4%).
9.3.Overhadandcapcityasfuctiofheumberftransittign-
tnas,n
Figure11showepeakdtara(Mbp)asfunctionofBW(MHz)
parametrizedbythenumbrfransittiganns,n=1,2,and4,re-
spctivly.Whatismoreintrngisthaytheoverhecoponets
havadi↵eretiactntheloverhaafuionf,ashwni
Figus12,13,and4.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheservceareaasafuncionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecobi-
natinofthesysemconfigurationandthedata-rateprovisionasafunction
oftheladdistribution[15].Theperformancemodelisthentheoptimized
olutiontoprovidethedeandeddata-rateinthetrgetarea,belowthebest
mathingsysemcnfigurtio.
Cosidrigterequirmntoftheate(lad)basedmodeltohavean
accrteasurefrechcel’capacity,inthiswrkweresentmathemat-
icalethdologyclcultethedata-ratprovisionformulti-userscenarios
foreaccelwithflexiblesystemcnfigrationparameters.
3.ProbleSttemn
Asmentid,heprpthiswokistopposeamethdologyad
algrithmsoccrelyestmethDLthougpuorpacity(C[bit/s])
fLTEsystmsiralisticsceaisthatcsidrsthedegadaionthathe
di↵retoverheadhaismsproduce.
Inuitively,usetroughputincresswiththenuberofusfulREdur-
igagivtimntervalofinterest.Thistimeinervl canbeeither1
TTor1fame,depigonthpoblemathand(numberofusrs,file
sizetbeowlayanyuser,tc.).Inthispperwewilllabelthetotal
numbrofusflREs(tts,thoseforuserda)durigatieiterval 
byusngthotti:
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Frme
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RE,T
⇥100
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RE,T
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RE,T
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 t
RE,T
reent,respetvely,thtolnumbvail-
abl(ll)nrheaREswitineimentvalt.Superscript t
isnotsuperfluossinceiillassistusimodelingavarietyofsitution
wihauifiedforlism.swillmodelinhisppr,soeoverhad
coentapparonlyncprfraeiltherrrepedeveyTTI.
prcedfurthihLTEpacitysimaioniisconveninoo-
sidrthatallhebitsareusedtotransprtsedatatalsotodetect
errs(frinstac,CylicRddacyChck(CRC)bts).Thsert
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ForOFDMA-basednetwrk,suchasLTE,theavilablmodlscnbe
seenintwomajorcgries.Thpower-conrolbasdmodelssudyhe
combinationofthesstconfigurationandtheserviceareasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocsonthecombi-
nationofthesystmconfiguratioandthedat-ratrovisionafunction
oftheloadistriutin[15].Theprformancmoesthetheoptmzd
solutintoprovidtdemadddata-rateinhetrgetarebelowthebest
matchingsystmconfiguratin.
Considerigereqirementofrate(lod)baedmodeltohavean
accrteeaureforachcell’scapacity,inhisworkweprsntaathemat-
icalmethodologyocalcuaethedata-raeprovisionformulti-serscearios
foreachcllithflxiblesystemconfigurationparaers.
3.ProblemStatmet
Asmentoned,purpsoftiwokistprsthologyad
algorithstaccurlystittheDLthrougputorcapacity(C[bit/s])
fLTEsystesinrealitcariosthatcsidereegdaionthtthe
di↵erentoverheamecasmsprc.
Inuitively,ushrughputirasswiththenumerofufulREur-
igagventimivalofinterest.Thtimeintrval tcneither1
TIor1frame,deningnteproblthand(ubrofuses,fil
izeobdoladynyer,ec.).Inipperwwilllbelthtotal
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For OFDMA-based netw rk, such as LTE, the available models can be
seen in two major cat gorie . The p wer- ontrol b sed mo els s udy the
co b natio of th syst m configur tion and the service area as a function of
SIN is ribution [14]. The rat -contr l ase od ls focus on th combi-
n t on of th sys em configurati n nd the data-rate provision as a functi n
f the load distribu ion [15]. he perf rmance model i then the ptimized
olutio to provid th dema ed dat -r e in the target r a, below the best
matching syste configuration.
Considering th r quirem nt of th rate (load) ased mod l to have an
accura e measure f r each cell’s cap city, in this work we prese t a mathemat-
ical tho ology t calculate the data-rat p vision for multi-us r scenarios
for each c ll wit flexible syste c nfigurati n parameters.
3. P oble S ate ent
As mentioned, the purpos of this work is t pr pose eth dology a d
algorithms to accurately s imate the DL throughput or c pacity (C [bit/s])
of LTE systems in realistic scenarios that considers t de radation that the
di↵er nt overhead mechanisms produc .
Intuitively, user thr ughput increases with the nu er of useful RE d r-
ing a given t me interval f in eres . This ime interval  t can be either 1
TTI or 1 fr m , depending n th problem at and (number of users, file
ize to b dow l ad by any us r, e c.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by u i g the n tation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d  RE, T represent, respectiv ly, the total number of avail-
ab e ( ll) and o rhead REs within the time interval  t. Superscript  t
is not uperfluous sin e it will assist u in model ng a variety of s tuation
wit an unified formalis . As will be modeled in this pape , som overhead
compon nts appear o ly once per frame while oth rs are repeated every TI.
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SINRdistribution[14].Thate-controlbasedmodelsfocusnthecombi-
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ofhloaddistribution[15].Teperformancemodelisthentheoptimizd
solutiontoprovidehedemandedta-rainthetrgetarea,blwtebest
matchingsystemconfiguration.
Csideringtherequireenoftherate(load)baseddltohvean
accuaemeasrfreachll’scapcity,intiswokwepresentmhemat-
icalmethoologytcalculthdat-rateprovisionformulti-userscenarios
foreachcellwitflexiblesystemconfigutionparameter.
3.PrbleStatent
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TTIor1frme,dependingothproblematand(numbofusrs,fil
sizetobedownldbyanyuse,etc.).Inhispawilllabelteotal
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TprocedfurthrwithLTEcpaciyestiatinitiveniettocon-
sidrhtnotlthbsrestransprtusedabtalsodet
ros(foinstaceCyclicRundancyChck(CRC)its).husrdata
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For OFDMA-based network, such as LTE, the available models can be
se n in two ajor categories. The power-control ba ed m dels study the
combination of the system configuration and the service area as a functi n of
SINR di ribution [14]. The rate-co tro based m dels fo us o the combi-
nation of the system configur tion and the dat -rate provision as a function
of the load distribution [15]. The performance model is then the op imized
solution to provide the demanded data-rate in th target ar a, below the best
m tching syste configurati n.
Considering the quirement of the rate (lo d) based model to have an
accurate measure for each cell’s capacity, in this work we presen a athemat-
ic l methodology to calculat the data-rate provision for multi-user scenarios
for each c ll with flexible sys e c nfigurat on par meters.
3. P obl m Statement
As mentio ed, the purpos of this work is to pr pose ethodology and
lgori hms to ac rately estimate the DL throughp t or capacity (C [bit/s])
of LTE systems in ealistic scenarios that consid rs t degrad tion that the
di↵er nt over ead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr m , depending o the problem at and (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using e notation:
Overhead percentage
with res ect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unifi d formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 13: Maxi um nu ber of users per TTI, parametrized by Ng = 1/6, 1/2, 1, 2, as a
fun tio of BW for a 4⇥ 4 MIMO co figuration with q = 1 (a) and q = 0 (b).
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For FDMA-base etwork, such as LTE, t e available models can be
se n n two maj r c tegorie . The power-control based models study he
combina ion of the yst m c nfiguration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
n ti n of the system configuration and the data-rate provision as a function
f t l ad distr bution [15]. The performance model is then the optimized
solution to pr vid th de a ded data-rate in the target area, below the best
m chi g sys em configuration.
C id ring the requir m nt of the rate (load) based model to have an
accurat measure for each cell’s capacity, in this work we present a mathemat-
ical me ho ology to calculate the data-rate provisio for multi-user scenarios
fo e ch cell with flexible syst m configuration parameters.
3. Pr bl m Stat ment
As mentioned, the ur ose of this work is to propose a methodology and
a g rit s to cc rately e i t th DL th oughput or capacity (C [bit/s])
of LTE sys ems in realis ic s e a ios that onsiders th degradati that the
di↵erent overhe d m chanism produce.
Int itively, user throughput increas s with the number of useful RE dur-
i g a give time interval of i tere t. This ime interval  t can be either 1
TTI or 1 f me, dependi g o the problem at and (number of users, file
size to be d wnlo d by any ser, etc.). In this paper we will label the total
u ber of s f l REs (th t is, t ose for us r data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh e A tRE, T and O tRE, T repres nt, r sp ctively, the total number of avail-
a le (all) and verh ad REs within he time interval  t. Superscript  t
is n superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
com on nts appear only once per frame while others are repeated every TTI.
o proceed further with LTE capacity estimation it is convenient to con-
sider that not all the bit are used to transport user data but also to detect
rrors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
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ForOFDMA-baedtwrk,suchaLTE,theavilablemdelsanbe
senintwomajortegories.Thepower-cotrolbasdmdelsstudythe
combinationofthesystemonfigurtonandtheserviceareaasafunctionof
SINRdistribution[14].Therat-controlbasedoelsfocusonthecobi-
nationofhesysteconfigurtinndthdat-ratrvisioasafunctio
ofthloaddistributo[15].Thepformncemodelisthetheoptimized
solutiontoprovidetheemandeddata-rateinthetargtrea,belowthbest
matchigsysemconfiguration.
Consideringtherequirmenofthera(load)baedoltohavan
accuratemeaureforachell’scpcity,ithiswrkwepesntaahemat-
icalmthodologytocalculathedta-rteprvisionformuli-uerscnaris
forchcellwithflexiblesysteconfigurationparaeter.
3.ProblemStatemn
Asmntined,theprposefthiswrkisprooaedologyd
algorimstoaccurtelytiaeDLthrougputocacityC[bi/s])
ofLTEsystemsinralisticscenriosthtconsiderstedegadiothtt
di↵rentovrheadmehanisspruce.
Intitively,userthrughptincreaseswiththnumberofusefulREdur-
ingagiventimitervalofirest.Thismeintrvl canbeeiher1
TTIor1fame,deendingntheproblemahand(nuerofusrs,file
sizetobedownloadbyanyuser,etc.).Inthispaprwewilllalthetal
numberofusefulREs(thati,thoseforusrdat)uringaiminterval t
byusinghenoaion:
Overheadprentage
withrespecttotheavailableEs
,BW(Hz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fame
RE,T
⇥100
U
 t
RE,T
=
 t
RE,T
 O
 t
RE,T
,(1)
whreA
 t
RE,T
and
 t
RE,T
reprnt,rspectively,thettalnumbeofvail-
able(l)anoerheadREswitinthetimeinerval t.Suprsript
isnotsuperfluoussiceitwillasstuinmodlngavarietyfsiution
withaunifiefoalism.Aswillbemodeledthispaper,severhd
componntsapperolyoncframwhileotsarerpeadeveryTTI.
5
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-baedetwork,uchasLTE,thavilablmodelscanbe
seenitwoajorcategories.Thepoer-contolbsedmoelsstudyth
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SINRdisribution[14].Therate-controlbasedmodelsfocusothecobi-
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solutiontoprovidethedemndeddat-rateinthergearea,belowthebet
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3.ProbleStatent
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Figure 5: Ov head perc t ge (%), with res ect to A tRE, T, as a function of BW. Squared
ymbo s repr sen s  OFra eRE, T(%)  OTTIRE, T(%).
 OTTIRE, T(%) = O
Frame
R , T
AFrameRE, T
⇥ 100
6.2. S nsi ivity of overh ad n DCI leng h LDCI
A a fu ction f BW...
6.3. Influ e of Ng “PHICH Group S ali g Factor”
As a function of BW...
6.4. Scenari 1: single user. LTE Maxi u DL Data-rate
When th system is configured with its highe t parameters and all the
vail bl re urces are assigned to a single UE which is in the best reception
c ndition , the highest d ta-rate provision can be expected. An accurate
overhead calculations that is customized with the system configuration, pro-
v des us with the exact amount f useful resources that can be assigned for
data-transmissi n.
Co si ring the maximum service provision capabilities of LTE, for max
data-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluennechpentsafuncionfBW
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FrOFDMA-basedtwork,suhasLTE,thevailabeodlcabe
seenintwomajorcategories.Thepower-conrolbasedmodelsstudyth
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reachcllwithflxiblesystemcofiuratioprametes.
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isnotsuperfluoussiciwillassistusinmodelingvaiyofstutio
itanunifiedforalis.Aswillbemodledinthisppr,somovehed
copntapeaonlyocerfewilerspatedevyTTI.
ToprcedfurtewithLTEcapcityestatinitisconvniettoon-
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error(frinstace,CylicRdndancyck(CRC)bits).Thseata
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Figur 14: Overhead percent ge (%) = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• F r n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% whil OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec mes cl arly d minant (⇡ 38%) when com-
pared to th others.
Figure 15 r presents the peak da a rat (Mbps) as a function of BW
(MHz), par me rized by the nu ber of tra smit ing antennas, n. Consider-
ing th allowe values for q i e ch configuration, five case ar r presented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
th e calcul ti s, Ng as b n assum d Ng = 2 because of the conservative
d sign crite ia mentioned before since we have found it only a↵ect in X%
[REVISA ]). Figure 15 reveals th t, al hough th use of MIMO schemes
with q = (two codewords) is superior to SISO in all the BWs, howe er,
this is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak ata rate fo SISO is ⇡ 85 MHz, which is g ater
th the one of 2⇥ 2 MI O with q 0 (⇡ 82 bps), nd 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• or n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pared to the others.
Figure 15 represents th peak data rat (Mbps) as a function of BW
(MHz), parametrized by the number of tra smitting antennas, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SISO, with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
th se calculation , Ng has been assumed N = 2 because of the conservative
design criteri mentioned before (since e have found it only a↵ects in X%
[REV SAR]). Figure 15 reveals that, lthou the use of MIMO schemes
wi h q = 1 (two codewords) is supe ior to SISO in all the BWs, however,
this is o th c s when using only 1 codeword (q = 0). For instan e, f r
BW = 20 MHz, the peak data rate for SISO is ⇡ 85 MHz, which is great r
th n the one f 2⇥ 2 MIMO with q = 0 (⇡ 82 M ps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each co figuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
t be Ng = 2.
A key find ng in Figure 15 is that, when only 1 codeword is used (q = 0),
i creasing the nu ber of antennae n does not imply automatically a higher
bit rate. This is clear hen inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) an red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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MIMO wi h q = 0. 5) 4⇥4 MIMO with q = 1. In th e calculations, Ng has been as umed
to be N = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
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r sources hat are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
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The overhead modeling presented in his paper is also useful to comput
the maximum number of UEs that can be scheduled in each TTI. This feature
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supported by a cell, as the active u ers can be scheduled in distributed TTIs.
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(MHz), par metrized by the numb r f transmitting anten as, n. Considering the allowed
v l es for q i each configurati n, w hav r present d he following five c s s: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO wi h q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng h s been assum d
to be Ng = 2.
Ng:
A key finding in Figure 15 is that, when o ly codeword is used (q = 0),
incre sing the nu ber of nt nnae n do s no imply automatically a higher
bit r e. This is clear wh n ins ecting the colum s with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
i cr sing n reduc s T . This is because of the additional reference signal
resour es th t are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE p r TTI
NTTIiUE |MAX
The o erhead modeling presented in is paper is also u eful to compute
th maximum number of UE that can be scheduled in each TTI. This feature
st not be mistaken with the maximum num er of u ers’ equipments UEs
supported by a ell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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6.1.InfluenceoneahcomponentasafunctionfBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystmsinrelisticscenariothatconsidersthedegradatinthatthe
di↵rentoverhadmechanismsproduce.
Intutively,userthrughputincresswithtnumbrofusefulREdu-
ingagivntimentervalofintere.Thistminterv tcanbeeither1
TTIor1frame,dependigontheproblemathand(numberofusers,file
siztobeownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberfusefulRE(thatis,thoseforuserdat)duingtimeinterval t
byusingthenoation:
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represnt,rspctivlytheolmberofavail-
abl(all)andoverheadREswithinthetiminterval t.Superscript t
intsuperfloussceitwillassistusinodlingavaretyofsituation
ihnuifiedforlsm.Aswillbeodeleithispaper,eovehead
cpentspparolperframwhileothrsrrepeatedevryTTI.
ToproefurhwitLTEcapcitystitiitisconveienttocon-
siderthantllthbtrusedtotrnsportueratabulsoodetect
errs(foristanc,CyliRedunacyCck(CRC)its).Theserdata
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bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptableamaximumerrorof4%,thiswillprovideusa
asafetyfactorthatincludesthepossibilityofnotbeingabletouseN
g
=1/6.
WewillconsiderfromnowonN
g
=2sinceiisaconservativdesign(worst
case)that,fromapractialpointofview,lightlyunderestimatethpeak-
datarate(⇡4%).
9.3.Overheadandcapacityasafunctionofthenumberoftransmittingan-
tennas,n
Figure11showsthepeakdatarate(Mbps)asafunctionofBW(MHz)
parametrizedbythenumberoftransmittingantenns,n=1,2,and4,re-
spctively.Whatismoreintresingisthewaytheoverheadcomponnts
haveadi↵erentipactonthetotaloverheadasafunctionofn,asshownin
Figures12,13,and14.
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nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemSttemen
Asmentioned,thepurpsethisworkistoproposeamethodologyand
algrithmstoccuratelyestimaetheDLthoughputorcapacity(C[bit/s])
fLTEsystmsinrealisticscenaisthatcnsidrsthedegradationthatthe
di↵erentoverheadmechaismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
igagivtimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllaelthettal
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For OFDMA-base netw rk, such s LTE, the vailab e mod ls c b
s e i two maj r cat go i s. The power-co tr bas d models study t e
combina io f he yst configu ation and th servic are s a func ion of
SINR distributi n [14]. Th te- o t ol bas d odels focus n the combi-
natio of th sys em configuration and th data-ra e provision as a functio
of the load distrib ion [15]. T e perfor a c odel i the the optimized
sol ti n to provide he ema ed data-ra e in the targ t ar a, b low the best
ma ching syst m configur t on.
C ns ring t e requiremen f he rate (l d) based model to have an
accurate m asure for each cell’s capacity, in this work we present a mathemat-
cal met odol gy o calculate the da - ate p ovision f r multi-user scenarios
for each cell with fl xible syste c nfiguration param ers.
3. P blem Statement
As men ione , the purpos f t is work is to pr po e a thodol gy and
algorithms to accurately esti ate the DL throughput r capacity (C [bit/s])
of LTE sys ms in realistic scenarios that considers t degrad tion that the
di↵er nt overh ad mechanisms produc .
I tu tively, user roughput increases with the number of useful RE dur-
i g a given time in erval f in rest. This time interval  t can be either 1
TTI or 1 fr me, depending on the pro lem a and (number of users, file
size to be ow lo d by any user, etc.). In this paper we will l bel the total
umber of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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!!!!!!!!!!!!!!!!!Siom na
For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
c mbina ion of th system configurati n and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configur tio and the data-rate provision as a function
of t e load d stribution [15]. The performance model is then the optimized
solu ion to provide th demanded data-rate in the target area, below the best
matching sys em configuration.
Considering th requir m nt of the rate (load) based model to have an
accurate measure for ach cell’s capaci y, in this work we present a mathemat-
ical meth ol gy to c lculat the d ta-rate provision for multi-user scenarios
for e ch cell with flexible syst m configuration parameters.
3. Proble Sta me t
As menti ned, the purp se of this work is to propose a methodology and
algo i ms to accu ately estimate the DL throughput or capacity (C [bit/s])
f LTE systems in r alistic scenarios that considers the degradation that the
di↵erent over ead mechanisms produce.
Intuitively, ser throughput increases with the number of useful RE dur-
i g a give im interval of int rest. This time interval  t can be either 1
T I or 1 fr me, depending on the problem at hand (number of users, file
size o be download by any user, e c.). In this paper we will label the total
numbe of useful REs ( hat is, those for user data) during a time interval  t
by using the notation:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T rep esent, respectively, the total number of avail-
abl (all) a d overhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with an unified formalism. As will be modeled in this paper, some overhead
componen s appear only once per frame while others are repeated every TTI.
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ForOFDMA-basednetwrk,suchasLTE,theavailablemdelscanbe
seeintwomajorcategoies.Thepower-controlbasedmodelsstudyhe
combinationoftesystemconfiguratioandtheserviceareaasafuntonof
SINRdistribution[14].Therate-controlaedmodelocusnhecombi-
nationofthesysteconfigurationandtedata-rateproviionaafuncion
oftheloaddistribution[15].Theerforancemodelsthethoptiized
solutiontoprovidethedemandddata-rateinthetargetaralowthebest
matchingsystemconfigraion.
Cnsideringtherequireentofthre(load)basedmoeltohvan
accuraemesueforachcell’scapacity,inthisworkwepretamathemat-
icalmethodologytocalcultetheat-rateprvisionforulti-userscarios
foreachcellwithflxiblesystemconfigurationparamter.
3.ProblemStatmnt
Asmentined,thepurposeofthsworkisposamethodlogyad
algorithtoaccuratelystimtethDLthroughputorcaacity(C[bit/])
ofLTEystmsinrealisticenariosthaconierhegrdaionthatthe
di↵erentoveredmechanismsprodue.
Inuitively,usrthroughputincreaswitenumberofsefulREdur-
ingagivntimeitervalofinterest.Thistimeintrval tcanbeeither1
TTIor1fame,depeningoneproblemathand(numberofusers,file
sizetobeownloadbyayuser,tc.).Inthispaprweilllabelthetotal
numberofusefulREs(thatis,thoeforuserdata)durngtiitval t
byusingthettion:
Overheadpercentage
witrespecttotheavailableREs
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⇥100
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 
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represent,respectively,thettalnumberofavail-
lell)adoerheadREsithintheimeinterva t.Supscript t
issperfluoussinceiwillassisuinelngavarityofsituain
wihnunfiedfrmali.Aswillemodeledihisppr,smevrhead
cmponntappearolyonceprframewhilohersarrpetedeveryTTI.
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Consideringtherquirementoftrate(load)basdmodeltohavean
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di↵erentoverheadmechanismsproduce.
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compnntsappearolyoncpeframwhileothersarepetedeveryTTI.
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Figure 5: Ov he d perce tage (%), with respect to A tRE, T, as a function of BW. Squared
sy bols represents  OFrameRE, T(%)  OTTIRE, T(%).
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6.2. S nsitiv y of overhead on DCI length LDCI
As a functio of BW...
6.3. I fl ence of Ng “PHICH Gr up Scaling Factor”
As a func n of BW...
6.4. Scenario 1: singl user. LTE Maximum DL Data-rate
When t system is c nfigured wi h its highest parameters and all the
v ilabl re our e are ssigne to a si gl UE which is in the best reception
onditions, th hig st ata- ate p ovision can be expected. An accurate
over ead calcul ions t at is customized with the system configuration, pro-
vides u ith the exact amount of useful resources that can be assigned for
data-trans ission.
Considering th maximum service provision capabilities of LTE, for max
da a-rate calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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b
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R
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b
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p
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d
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at
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b
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ForOFDMA-basedntwork,sucasLTE,havilaleodelscnbe
seenintwomajorcategoris.Thepower-contrbsedodelssudyt
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SINRdistributin[14]herte-conrolasedmdelsfocuothcombi-
nationofthsystmcofigurationndthedta-ateprovisiosfunctio
ftheloaddistribution[15].Theperformancodelistheteoptimized
solutiontoprovidethedemandedata-rateinthetrgetarea,beowthebest
matchinsystecnfiguration.
Cnsiderngtherequirementofthrat(load)basemodltohavea
accuratemeureforeachcell’scapacity,inthisworkweprsentamathemat-
icalmethdologycalculatethedt-ratrovisiformulti-userscearios
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3.PrblemSateent
Asentioed,thepurposethisrkisproposeamehoologyand
algorithtoaccuratelyestimteheDLtroughputorcpacity(C[bit/s])
fLTEsystemsinrlisticsceariostacosidersthedegradationthhe
di↵erntovedmechaismproue.
Intuiively,userthroughputicreseswithhenumbrofusefulRdu-
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A
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ased
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ork,
su
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,
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le
m
od
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can
b
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in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
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arios
for
each
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w
ith
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exib
le
system
con
fi
gu
ration
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P
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en
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,
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E
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p
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rep
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T
T
I.
5
!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
(w
ith
resp
ect
to
th
e
availab
le
R
E
s)
,
B
W
(M
H
z)
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
is
p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
are
rep
eated
every
T
T
I.
5
Fgue5:Overheadpercentage(%),withrspcttoA
 t
RE,T
,asfuntonofBW.Squard
symbolsreprsnts O
Frae
RE,T
(%) O
TTI
RE,T
(%).
 O
TI
RE,
(%)=
O
Frame
RE,T
A
Frame
RE,
⇥00
6.2.SnsitivityfoveaoDCIlengthL
DCI
AsafuntionofBW...
6.3.InfluecofN
g
“PHICHGroupScligFtor”
AsafunctioofBW...
6.4.Senaio1:singleusr.LTEMaxiuDLDat-rt
Wenhesystemicnfiguredwithisighetpartrsndalthe
availableresourcesareasignedtasilUEwhisinthebtreceto
conditions,hhghestdat-atprviioncnbexpd.Ancure
overhadcalculationsthtiscustomizedwthhystemconfigutio,pr-
videuswittexactamounfusefulrsocsthatcabssifr
data-transmissin.
ConsdeigeximumsrvicprovisincpbilitiefLE,ormx
data-ratcalculation,thefllowingsyemconfigurnshllbapplid:
•TheighestBWo20Hz(N
RB
=100andP=4)
•Thehihestsptilmliplexinglvel,iplyig2codewds(q=1),
and4⇥4MIMO(⌦=4).
26
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
26
Pak%data%rate%(Mbps)
n
=
4
n
=
2
n
=
1
F
ig
u
re
11
:
P
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
an
d
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
=
1,
2,
an
d
4,
re
sp
ec
ti
ve
ly
.
P
ea
k
d
at
a
ra
te
,
T
(M
b
p
s)
T
h
es
e
fi
gu
re
s
re
ve
al
th
re
e
fa
ct
s:
1.
In
th
e
th
re
e
tr
an
sm
it
ti
n
g
co
n
fi
gu
ra
ti
on
s,
fo
r
B
W
>
5
M
H
z,
th
e
d
om
i-
n
an
t
ov
er
h
ea
d
co
m
p
on
en
ts
ar
e,
at
gr
ea
t
ex
te
nt
,
O R
S
an
d
O P
H
IC
H
.
36
0"
10"
20"
30"
40"
50"
60"
1.4" 3" 5" 10" 15" 20"
O_PCFICH" O_PHICH"
O_PDCCH" O_RS"
30"
40"
50"
60"
70"
80"
 
OT
T
I
co
m
p
i(
%
)
=
y using the notation:
Bandwidth, BW (MHz)
 OTTIPDCCH  OTTIRS
 OTTIPHICH OTTIPCFICH
1.4 3 5 1
Figure 14: Overhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes clearly d minant (⇡ 38%) when com-
pared to th others.
Fig re 15 represen s the peak data at (Mbps) as a functi n of BW
(MHz), parametrize by the nu ber of transmit ing antennas, n. Consider-
ing the allow d values for q in ach c nfiguration, fiv cases are represented:
1) SISO, with n = 1a dq = 0. ) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
th e calcula ions, Ng a be n assume Ng = 2 be ause of the conservative
design criteria me tioned before (since we have found it only a↵ects in X%
[REVISAR]). Figur 15 reveals that, although the use of MIMO schemes
wi h q = 1 (two codewords) is superior to SISO in all the BWs, however,
his is no the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p ak data ra e for SISO is ⇡ 85 MHz, which is g ater
tha the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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2⇥ 2, q = 0
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• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pared to the others.
Figure 15 represen s th peak data rate (Mbps) as a function of BW
(MHz), parametrized y the number of tra smitting antennas, n. Consider-
ing the allowed values for q in each configuration, five cases are represented:
1) SIS , with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
these calc la ions, Ng has been assumed Ng = 2 because of the conservative
design criteria mentioned before (since we have found it only a↵ects in X%
[REVISAR]). Fig re 15 reveals that, although the use of MIMO schemes
wi h q = 1 (t o codewords) is superior to SISO in all the BWs, however,
this is no the c se when using only 1 codeword (q = 0). For instan e, for
BW = 20 MHz, the p k data rate for SISO is ⇡ 85 MHz, which is great r
th n the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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increasing the number of antennae n does not imply automatically a higher
bit rate. This is cl ar when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasi g n reduces T . This is because of the additional reference sig al
resources that re imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
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(MHz), parametrized by the numb r of transmitting antennas, n. Considering the allowed
values for q i ach configuration, we hav represented he following five ca s: 1) SISO,
with = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng h s been assum d
t be Ng = 2.
Ng:
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
i cr asing the umber of ntennae n d s no imply automatically a higher
bit ra e. This is clear whe inspecting the columns with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figu es 12, 13, and 14.
9.4. Maximum number of UE per TTI
NTTIiUE |MAX
The o erhead modeling presen d in is paper is also u eful to compute
the maximum nu ber of UE that can be scheduled in each TTI. This feature
st not be mistaken with the maximum number of u ers’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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6.1.InfluencneachcompnentasafuctioofBW
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bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbs(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasaccepableamaximumerrorof4%,thiswillprovideus
asafetyfactorthatincludesthepossibilityofnobeingabletouseN
g
=1/6.
WewillconsiderfromnownN
g
=2sinciisaconsrvativdesign(wors
cas)that,fromapractialpointofview,lightlyunderestimatehpeak-
datrate(⇡4%).
9.3.Overheadndcapaciyasafunctionoftenumbroftransmittinga-
tennas,n
Figure11showthepeakdatarate(Mbps)asafunctionofBW(MHz)
paramerizedbythenumbroftrnsmittingantenns,n=1,2,an4,-
spctively.Whatismoreintresingisthewaythoverheadcmpons
haveadi↵eentipactonthetotaloverheadasfunctionofn,asshownin
Figures12,13,and14.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodlscanbe
seenintwomajorcategories.Thepower-controlbasedodelssudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmoelsfocusonthecombi-
nationofthesystemconfigurationanthedat-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheptimized
solutintoprovidethedemandeddata-rateinthetargetaea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accurtemesureforachcell’scapacity,inthisworkwepresentamtemat-
icalmethodologytoclculatethedta-rateprovisionformulti-usersenrios
foeachcellwithflexiblsystemconfigurationparameters.
3.ProblemSttemen
Asmentined,thpurpsethisworkistproposeamethodlogyad
algrithmstocratelyestimatetheDLhoughputrcapaity(C[b/s])
fLTEsystsinrealisticscenaisthatcnirsthegradationthatth
di↵erentoverheadmechaismsproduce.
Intuitively,srthroughputincreasesiththenmbrofusefulREdur-
iggivtimeintervalofintrest.Thistiminterval tcabeeither1
TTIor1frame,depndingontheproblemathand(nuberofusers,file
sizetbedownloadbyanyuser,etc.).Inthispaperweilllbelthetotal
numbrfusulREs(thatis,thosfouseraa)duringatimeiterval t
byusingthenottio:
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ToproceedfuthrwithLTEcpcitystiatiitiscvintocon-
sidrttnotallhbsresedtoransporsrbutaltodct
rrrs(forinance,CyclicRedundancyChek(CRC)bits).Theusedat
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For OFDMA-bas d etwork, such as LTE, t e availabl models can be
s e in two major cat gories. The power-control base m dels s udy th
c mbination of the syste o figura i n and the s rvice are as a func ion f
SIN distribution [14]. he rate-contr l based dels fo us o the combi-
natio of the ystem configur ti n and the data-rate provision as a function
f the load dist ibutio [15]. The performance o el i then the opti ized
solution to provide th deman ed data-r e in the targe area, below the best
matchi g sy tem c nfiguration.
C nsidering the requir ment of the rate (load) based model to have an
accur te measure for each c ll’s c pacity, in this work we pr s nt a mathemat-
i al ethodology to c lculat the data-ra e provision for multi-user cena ios
for each cell wit fl xible syste c nfiguration parameters.
3. P oblem Stat ment
As me tioned, the purpos of this work is to pr pose a ethod lo y and
algorithms to accurately es i ate the DL throughput or cap city (C [bit/s])
f LTE systems in re listic scenarios that considers t degradation that the
i↵er nt overhead echanisms produce.
Intu tively, us r throughput i crea es with the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on he problem at and ( umber of users, fil
size to be download by ny user, etc.). I this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the no ation:
Overhead percentage
with respect to the v ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 4: Maxim m nu ber of users p r TTI, pa ametriz d by Ng = 1/6, 1/2, 1, 2, as a
funct on of BW for 2⇥ 2 MIMO configu atio with q = 1 (a) and q = 0 (b).
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemSatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorihmsaccuratelyestimatetheDLthroughputrcapacity(C[bit/s])
ofLTEsysemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,serthroughputincreseswiththenumberofusefulREdur-
ingagiventimeinevalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheprblemathand(numberofusers,file
sizetobedownloadbyanyuse,tc.).Inthispperwewilllabelthetotal
umbrofusefulREs(ha,thseforuserdata)duringatimeinterval t
byusingthenotation:
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ble(all)andoverheadREswihinthetimeintervl .Superscript t
isotsuprfluoussiceitwillassistusinmodlingavarietyofsituation
withaunifiedformalism.Aswillbemodeldinthispaper,someoverhead
componentsppearonlyonceprfrmewhileotrsarerepeatedeveryTTI.
TopcdfrthewithLTEcapacityeimaionitisconvenienttocon-
sidrttotallthebitsareusdtotransportuserdatabutalsotodetect
errors(forisance,CylicRedunancyCheck(CRC)bits).Theuserdata
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g
=1/6.
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g
=2sinceiisaconservativdesign(worst
case)that,fromapractialpointofview,lightlyunderestimatethpeak-
datate(⇡4%).
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F r OFDMA-b s network, s ch s L E, th av il bl m dels can be
seen in two m jor c tegori s. h power-con rol ba mo els study the
combina on of th system configuration and t e service rea as a function of
SINR istribution [14]. T r te-control as d m del f cus o the comb -
na ion of the system co figu ation nd the ata-ra e provis as a func i
of he o d distribution [15]. T e rfor an e o el is th o imized
solut on to provide t d anded d t -rate in th ta g t r a, b low he best
a ching system configur tion.
Considering the requirement of th rate (load) based mod l to h ve an
acc rate me sure for each cell’ ca ac t , in this work we e e t a ma h at-
ical methodolo y to alculate the dat -ra e provisi for ulti-user scenarios
fo ch cell i h flexible syst c fi u ati n p rame ers.
3. P oblem Statement
As entione , the purpos of this work is to pr pos a thod ogy and
algorithms to accurately estimat the DL throughput or c pacity (C [bit/s])
of LTE syste in realistic sce rios that cons ders degradation t a the
di↵er n overh ad ech is s produce.
Intuitively, user t roug put increases with the nu ber of useful RE dur-
i g given time interval f i erest. This time interva   can be either 1
TTI or 1 f me, dependi g on the probl m t and ( u ber of us rs, file
ize to be do nload y any us r, tc.). I th s pape we will label the total
number of useful REs (that is, those for user dat ) during a ti e i terval  t
by sing the n t tion:
Overhead p rcentage
wi h respec to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T r pres nt, respectively, the total number of avail-
able ( ll) a d o erhead REs within th time interval  t. Supe cript  t
is not superfluous since it will assis u in model ng a vari ty of situa ion
with n unified for alism. As will be model d in is pape , some overh ad
compon nts appear o ly once p r frame whil others ar r peated every TTI.
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For OFDMA-based network su h as L E, e v ilable m d ls can b
s en n wo major categories. The power-con r l based models study the
combin tion of the sys em configu ation nd th service area s a unction of
SINR distribution [14]. h rate-c rol based mode s focus on c mbi-
n tio of the system configuratio and the data- a e provision as a funct on
of the load distribution [15]. The performanc model is then the optimized
soluti n to provide the demanded da a-rat in the targ t a ea, below th best
matching system configuration.
Consider ng the requirement f the rate (load) based mode to hav an
accura e measure fo ea h cell’ c pacity, in th s w rk we pr s t a athemat-
i al methodology to calculate the data-rat provision for multi-use scen rios
for each cell with flexible system configuration paramet rs.
3. Probl m Stat me t
As mentioned, the purpose of this work is to pr pose a methodology and
algorithms to acc rately estimate th DL throughput or capacity (C [bit/s])
of LTE syste s i realistic scena i s t at considers th degrad tion ha the
di↵er nt overhead mechanis s pr duce.
Intuitively, user throughput i creases with he numb r of usefu RE dur-
i g a given tim interval of interest. This ime interval  t c n be ei her 1
TTI or 1 frame, d pending on the proble at hand (number of users, file
size to be download by any user, etc.). In this paper we will lab l the total
number of useful REs (that is, tho e fo use d ta) during ime i e val  t
by sing the no ation:
Overh ad percent ge
(wi h respect to he av ilable REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
where A tRE, T and O tRE, T repres nt, respectively, the total n mber of v il-
able (all) and overhead REs within the time int rval  t. Superscript  t
is not superfluous sinc it ill assist us in modeling a variety of situation
with an unified formalism. As will be model d in this paper, some overhead
comp nents ppear o ly once pe frame while ot rs are repe ted every TTI.
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6.1.InfluecoahcompontasafunctionofBW
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ForOFDMA-basednetwrk,suchasLTE,theavailablemodelscanbe
senintwomajorcategories.Thepoer-controlbedmodelsstudyth
combinatinofthesystecofiguratnandthserviceareaasafunctionof
SINRdistributio[14].Therate-controlbasedmdelsfocusonthecombi-
natinofthesystemconfiguratiandthedata-rateprovisionasafunction
oftheloaddistributin[15].Theperformancemodelisthentheoptimized
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matchingsstemconfiguration.
Consideringtherequiementoftherate(load)basedmodeltohavean
ccuratemasureforeachcell’scapacity,inthisworkwepresentamatheat-
icalmethodologytocalulatethedata-rateprovisionforulti-userscenarios
foreachcellwitflexiblesysteconfigurtionparamters.
3.ProblemStateent
Asmenioned,thpurposeofthisworkistoproposeamethodologyand
lgorithmstoaccurtelystimatetheDLhrughputorcacity(C[bit/s])
fLTEysemsinralisticscenariosthatconiersthedegradationthatthe
di↵erentoverhemcanismsproduce.
Intuitivly,userthrougputincraseswiththenumberofusefulREdur-
ingagivntimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dpendingonheproblemathand(numberofusers,file
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spctively.Whatismriesingishewaytheoverheadcomponnts
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Figures12,13,and14.
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For OFDMA-based etwo k, suc as LTE, th availabl odel can be
seen in two j r ca eg i s. T e powe -co t l bas mo ls udy the
co bination of th system co figuration and the s vice area as a function f
SINR distribution [14]. T e -co trol ed models focus on th c m i-
nation of system config r ti n nd the da -rat p ovisi n as a functio
of th l ad distribu io [15]. he for nce m del is the the p im z d
solu i n to p ov d he dem nd d t -ra e in t targe rea, bel w the best
matching syste co figura ion.
C nsid ing he req ir ment f the rat (l ad) bas d model t have an
accurate m a ure for ch c ll’s c pacity, in this rk we present a m themat-
ic l methodology o calcula the data-rate provisi n for multi-us r scen ios
fo e ch c ll w h fl xib sy te c nfi ur io p rame .
3. P oblem Statement
A mentio ed, he purpos of t work is to pr p se a ethod logy and
alg r thms to accura ely estimate th DL roughpu o capacity (C [bi /s])
of LTE syst ms in reali tic scenar os ha c nsiders t degr dation hat the
di↵er nt overhead mech nisms produce.
In itiv ly, user throughput incr ases ith the number of us ful RE du -
ing given ti int rval f in r st. This time i ter l  t c b ither 1
TTI 1 fr e, depending on the pro l m a d (nu ber of users, file
size o be dow load by a y user, etc.). In hi p r w will lab l the total
numb of useful REs (that is, those f user d ta) during a time i t rval  t
by using the notation:
Overhead perc n age
with espect t t av il ble REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T repre ent, respectiv ly, the total n mber of avail-
able ( ll) and o rhead REs wit in the ti e interval  t. Sup rscript  t
is not s perfl o s since it will assist u in model ng a v ri ty of situ tion
with an unified formalism. As will be modeled in this pape , s me overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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For OFDMA-b sed network, such as LTE, t e available models can be
see i two major categorie . The power-control bas d m dels study the
combination f he system configur tion and the ervic rea s a fu ction f
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Consid ring the requirement of he rate (load) bas d m del to have n
accurate m asure fo each cell’s capaci y, in this work we present a mathemat-
ical m thodology t calculate the data-rate provision f r multi- ser scenarios
for each cell wit flexible sys e configurati n parameters.
3. Problem Stateme t
As mentioned, the purpose of thi wo k i to pr pose a m t odology and
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of LTE systems i realistic sce ari s t at considers the d gradation that t e
di↵erent overhead echanis s pr duc
Intuitively, user throughput increases with e number of useful RE ur-
ing given ti nt val of in erest. This t me in erval  t an be either 1
TTI or 1 fram , depending on e proble a hand (number of users, file
size to be downl ad by any user, e c.). In this paper we will label the ot l
number of useful REs (that is, those for user d t ) during a time interval  t
by using the not tion:
Overhead percent ge
(wit respect to the availabl R s)
, BW (MHz)
 OTTIRE, T(%) = O
F ame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
where A tRE, T and O tRE, T repres n , r sp ctiv ly, th otal number of avail-
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is ot sup rfluous si c i ill assist us in m d ling a var e y of situation
with an u ifie formalism. As will be model d in this paper, some overhead
components appear nly o ce per frame while others are repeated every TTI.
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ForOFDMA-basednetwork,suchsLTE,theavailablemodelscanbe
senintwmajorcategores.Thepower-conrolbasedmodelsstudythe
combinationofhesystemconfigurationandtheserviceareaasafunctionof
SINRdistrbution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionaafunction
oftheloadistributon[15].Theprformancemodelisthntheoptimized
solutiotoprovidetedemandeddata-rateinthergetarea,belowthebest
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Conideringtherequiremntoftherate(lod)basedmodelohavan
accuratemeasurefoechcell’scapacity,inthiwrkweprsentamathemat-
icalmehodologytoclcultehedata-raeprovsionformulti-userscenrios
foreccellwithflexiblesystmcnfiguationpramters.
3.PrblemStemen
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fLTEsystmsirelisticscnistacnidrseegrationthatthe
di↵erentoverhedmechaimsproduc.
Intuitvely,uerthroughputincraseswthhenubeofseflREdur-
igagivtimeintervalofintrest.Thisteintrvl anbeir1
TTIor1fre,dependigotheprbleahad(ubefsrs,file
siztbdowladbyanyuser,etc.).Inthisperwwilllbelhettl
nubfusfulREs(thtis,thosforuserda)duringatimintervl 
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 t
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abl(al)adoveradREswihinhetmetval t.Superscipt t
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contsaparnlyoncpefrawhithersarerepeatedevyTTI.
proefuthewithLTEpiestitiotiscovitocon-
iderttntlltebisrusdtotprtuserdtbutalsotodetect
errors(foinsnc,CyclicRedundancyCheck(CRC)bits).Theusrdata
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For OFDMA-based net rk, such as L E, the v ilabl models c be
seen i two maj cat g ri s. The p wer-con rol based m els tudy the
co binati n of the system c nfig rati n and the service e as funct on f
SI R distri ution [14]. Th rate-co rol ba ed odels f cus o t e ombi-
nation of the sys e configuration and he data-rate provisio as a f nction
of the l ad distr buti n [15] The performanc od l is hen e optimized
so uti n t provide the dem nde d a-rate i e targ t ar , b l h be t
matc i g syst m co figuration.
Consider g the equirement of the r te (loa ) base mod l to have an
accur te as re f each cell’s capacity, in this work we prese ath -
ic l m th ology to calcula the data-rat provisi n f ulti-user scenarios
f each c ll with flexibl syst c nfi r ti n p rameters.
3. P o l Statement
As mentioned, the purpos of thi w rk is to pr pos ethodology n
lg ithms t ac u at ly stimate the DL throughp or c p ity (C [bit/s])
of LTE systems in r alis ic scenarios th t considers t d gra ation t at the
d ↵ r n ove head m chanism produce.
Intu tively, use thr ughp t in reases with th number of useful RE dur-
i g a given ti e inter al f in ere . This time interv l  t can be either 1
TTI or 1 fr , depending on he problem at a d (numb r of users, file
size to be download by any user, etc.). In this pap r we ill label h t tal
number of u eful REs ( hat is, thos f r us r data) uring a i i t rval  t
by u ing the notation:
Over ead p rcentage
with es ec to th av il l REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, = A tRE, T  O tRE, T, (1)
where A tRE, T and O tE, T represent, respectively, the total number of avail-
ble ( ll) a d o erhead REs wi hin the time interval  t. uperscript  t
is not superfluous since it will assist u in mo el ng variety f situation
with an unifi d formalism. As will be modeled i this pape , some overhead
c mpon nts appear o ly once per f a while h rs ar repeated every TI.
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For OFDMA b sed network, such as LTE, th available models can b
see in two major cat gories. The power-control base model study the
combin t on of the system c nfigur t on and th s rvice ar a s a fun tion f
SINR istributio [14]. The rate-control based models fo us on th combi-
nation of the syste configuration a d the data-rate pr vision as a function
of th load dis ribut on [15]. The p rforman mode is then the optimized
solution to provide t e d man ed data-rate in he rget area, below the best
matching ystem configuration.
Considering e r quirem nt of the rate ( oad) based model to h ve
accurate measure fo e ch cell’s capacity, in t s work we pres nt a mathemat-
ical meth ology to calculate the dat -rate provision for multi-user scenarios
for each c ll ith flexible ystem configuratio paramet rs.
3. Proble St tem
As me ti ed, the purpose of th w rk is to pr pos a methodology and
lgorithms to cc rately estimate the DL thr ughp t o capacity (C [bit/s])
of LTE systems in realistic scenari s t t consid rs the egradation that the
di↵erent overh ad mec ani ms pr duce.
Intuitiv ly, user throug put increase with he number f useful RE dur-
ing a giv n time interval of interest. This t me i erval  t c n b it er 1
TTI or 1 frame, depending on t proble at ha d (numb of users, file
size t be download by a y user, t .). In thi paper we will l bel th total
number of us ful REs (that is, thos for user ta) during a time interval  t
by using the no a ion:
Overhead percentage
(with resp ct to th available REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A RE, T  O tRE, T, (1)
where A RE, T nd O tRE, T represent, respectively, the t tal nu ber of avail-
able (all and overhead REs within the time inte val  t. Superscript  t
is no s perflu us si c it ill ssist us in modeling a variety of si uation
with an unified formalism. A will be m del d in this paper, some overhead
components appear only once per frame while ot ers are repeated every TTI.
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FDMA-b sed etwork, s ch s L E, e va l ble model can be
in two ajor c ori s. The power-co rol ba e odels st dy the
i t f y em o fig t n n the service area as function of
SINR d s ib tio [14]. he r -cont ol se d l fo u on t e combi-
n ti f y t m c fig r t n th ata-ra p ovision s a func i
f l ad strib tio [15]. h p forma ce d l is t n t e opt iz d
s l i t rovide he an d d ta- ate n h ta get a , below th best
c i g sys o fig r ion
C d ri g th r quir en f th at (lo d) sed odel to have n
c u at ea ur f ach cell’s a ity, i t is w rk w pres nt a mathema -
ic t o l gy calcul t t dat -r provisio for ulti-us r s n ri s
fo ch c ll w th fl xib e sy c figur ti p ram ters.
3. P oble S a
As m ion , th pos of t s w k is o prop s a m th dology nd
a g i h s ccura ly s im te th DL t oughput or c pa i y (C [ it/s])
LTE y i re li tic c n ios t a o sid rs degradatio that t e
i↵e t v ad ec a i s r d e.
I tu v ly, us hr ughput in r as with t e u ber of useful RE d r-
i g giv i rv l t res . Thi time interv l  t c n b either 1
I r 1 f am , d p ndi th problem ha d ( umber f us rs, file
siz o b do load by any user, tc.). In thi pa er we ill l bel the total
r f u ful R s (t a is, o e f r us r da a) duri g a tim int rval  t
y u i g th not i :
 OFr eRE, T %) = O
Fr me
RE, T
AFrameRE,
⇥ 100
U tR , T = A tRE, T  O tRE, T, (1)
w  E, T a d O tRE, T r pr sent, res tively, he total numb r of avail-
l ( ll) d verhea REs i hin t ime interv l  t. Super c ipt  t
is uperflu s si c i will ssis us in odeli g a variety of situation
wi n u ifi fo lism. As will be modeled in his p per, some over ead
mp nts appear only once p r fr me whil thers re r pea e every I.
T p ce d fu h r w th LTE c pacity estima io it is convenient t con-
ider th t l the bi r sed to transpor user data but also to detect
rr rs (for i st nce, Cyclic Red ndancy Check (CRC) its). The us r data
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c bi i n f y e o figura io n he s rvice area as a fun ti n f
SINR dis ti [14]. T e r te-cont ol b s d d f cu n he combi-
o h sy t c fi ti n d th da a-r te rovis n s a functi n
f t l d is ib [15]. Th pe f r c e th th pt m zed
l ti r v th a d d t - i t e t g t a, b l w h b s
chi y e c figur ti .
C s i g he requi m n of th r te (l d) ba ed mo l to have
r te e r c ll’ c p i y, i his wo k pr s t a at mat-
c l o g to calcula h t -ra e pr vi ion f r ulti- r cen rios
f e ch ll w t fl x bl ys co fig a ion param t rs.
3. Pr bl m S t me
As i d, t rp s f i w rk is t p opos a et dol gy nd
alg r t o c ur tely e t t h DL roug p p c y (C [bit/s])
f LTE ys r a s ic s e ios t consi rs he egradation th t h
di↵ t v r d h ism r uc .
In itiv l , se ughp t incr s s with th n mbe of useful RE dur-
ng gi n ti e i te v l f res . Th ti in erval t c n be ither 1
TI r , d p di g t e ble d ( u er f use s, file
iz w a y u r t .). I his p p r we will l bel t e total
er f s f l REs (that i , h s fo user ata) d r ng a time i te val  t
by us ota i :
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Fr me
RE, T
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⇥ 100
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wh A tRE, T  RE, T r p s nt, r spe tive y, t t t l umb r of vail-
( ll) a ov rh d REs wi hi he ime in rval  t. Supers ript  t
is o p flu u s nc it will ssist u in mo lin a v rie f situation
with an nifi d f m lis . As w l be modele i t is pap r, so overh ad
c on n s ppear n y n per fr m hile o hers ar repe ted every TTI.
T pr ed urthe with LTE ca city estimation it is convenient to con-
si er th n all the bits are used to trans ort user data but also to detect
e r rs (f r instance, Cy lic Redunda cy Check (CRC) bits). The user data
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F r OFDMA-b s d t o k, such as LTE, the vailabl odels can be
e i w j c t g r The o -contr as d mod ls tudy h
mbi ti f sys e config rati d the ervic area as a functi n of
INR d tribu io [ ]. h ra e-c n rol s mo ls focus on h ombi-
ati f the y te co figuratio a t dat -ra p visi n s fun ti
f th lo d s ribution [ 5]. Th perfor a c l hen the ptimized
soluti n p ov t d m nd d ata-ra e in th target r , below t e bes
m c ing t configu a i .
C nsi ring the r quir me t of t r t ( o d) as d mod l to ave an
ccur e su e for e ch cell’ pacity, i his work we rese t a math at-
l eth d l gy to calcul t the d -r e pr isio f mul i-user sce arios
f r eac ce l with flexible ystem co fig ration parameters.
3 Probl State en
As nti , he pur s of t is ork i o propose a ethod l gy and
l ri t c u a ly esti at the DL t ro ghput r capa ity (C [ it/s])
of LTE s ems n r al s ic cen r s hat c d s the degradation hat the
di↵er n v rh ad c anis s pr d c .
In u iv ly, s r t roughput i a s with t e umbe of useful RE ur-
ing a iv n tim i t r al f i e e t. This tim in rval  t ca be eit er 1
TTI r 1 fr , d p ing on the problem t h (nu ber of users, file
ize to b d wnload by y use , e c.). In t is p per we ill lab the total
n m er of us ful REs (t t is, thos for us r d ta) du ing a time interval  t
by u g i n:
B ndw th, BW (MHz)
 O TIRE, T(%) = O
Frame
E,
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w er A tRE, T and O tRE, T repres t, respectively, the total number of avail-
ble ( ll) d v rh a REs wit in the tim in rval  t. Super cript  t
is not sup rfluo ce will as ist us in modeling a variety of situation
with n un fied f r lism. As will be modeled in this p per, some overhead
c p ne ts appe r only onc p r frame while others a e repe ted every TTI.
o r ce d further with LT capa i y esti ation it is c venient to co -
i er that not all he its re used to transport user data but also to detect
5
6.
1.
In
fl
ue
n
ce
on
ea
ch
co
m
po
n
en
t
as
a
fu
n
ct
io
n
of
B
W
F
or
1.
4
is
31
%
.
R
S
is
91
%
..
.
F
or
20
M
H
z
is
16
%
.
R
S
is
46
%
..
.
10
#
15
#
20
#
25
#
30
#
35
#
1,
4#
3#
5#
10
#
15
#
20
#
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OF
ra
m
e
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
!!
!!
!!
!!
!!
!!
!!
!!
!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
ra
te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
5
!!!!!!!!!!!!!!!!!Siomin
FoOFDMA-betwork,uchasLTE,teavalablemdelsanbe
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lgoritmstoaccrtelyestiaeDLthroughputocpcity(C[bi/s])
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itrspecttotheavailablEs
,BW(Hz)
 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fame
RE,
⇥100
U
 t
RE,T
=A
 t
E,T
 O
 t
RE,T
,(1)
werA
 t
RE,T
adO
 t
RE,T
prt,spctivly,taubfavil-
ablell)ndoeheREswiheiinrval t.Superscrip t
isotspfluoussincetwilasistinmodelgvarietyofsitution
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5
!!!!!!!!!!!!!!!!!Simina
ForOFDMA-baedetwork,uchaLTE,thavailablmodelscanbe
senitwoajorcaegries.Tpor-contlbsemoelssudythe
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Intuitvely,uerthrughputincreaseswiththeumberofusefulREdr-
igagiventimeintervalofntrest.Thstmintervl tcanbeeither1
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F gu e 5: Ov he d rc t ge (%), with res ct to A RE, T, as a fun ion of BW. Squared
sy b s r r s  OFra eR , T(%)  OTTIRE, T(%).
 OTTIRE, (%) = O
Fram
R , T
AFrameRE, T
⇥ 100
6.2. S nsi vity f overh a n DCI leng h LDCI
As a f ction of BW ..
6.3. Influ e of Ng “PHICH Group S ali g Fact r”
As a fu ction of BW...
6.4. S ena i 1: single er. LTE M xi u DL Data-r t
When sys e s c nfigured wi h its highe t parameters and all the
vail bl r urce a e assig d to a ingle UE which is i the best reception
c ndi on , th h h st d a- te provision ca be expected. An accurate
overh ad c l ula ions th t s us o ize with the syste configuratio , pro-
v des us i th exact amount f usef l resources that can be assigned for
d ta-transmiss on.
Co si ering the maximum service provi ion capabilities f LTE, for max
data-rate calculation, the following ystem onfiguration s all be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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6.1.InfluncoccpnsafucionofBW
Fr1.4i31%.RSi91%...
Fr20MHzis1%.Sis46%...
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!!!!!!!!!!!!!!!!!Sioin
ForOFDMA-baseetwork,suasLTE,theavailablemodelcanbe
seeintwomajorcategoris.Thepoer-corolbasedmodelsstudythe
combinationofthesysemconfiguraionandtheserviceareaasafunctionof
SINRdistribution[14].Trte-cntrlbaedmodlsfocusthecombi-
nationothesysenfiguratioanthedatrateproviionsafuntio
ofheloaddbutio[15].Thepforncemodesthenheoptimized
olutiontoproviethdendeddata-rateinthetargetarea,belowthebest
mtchingsystemconfiguration.
Conideringthrequirmentoftherate(load)bsedmodeltohavean
accuemsueforeachl’scapacity,ithisworkwesemthemt-
icamethodologtocalculatethdata-rteprovisionformulti-usrscnarios
freachcellwihflxiblesystemcofiguratiopraeters.
3.PrblemSatmn
Asmtioned,thepurposeofthiswrkistroosamethodology
lgorithoaccatlyestimehDLthrhputocpcity(C[bi/s])
ofLTEsysmsinlisticnrioshtnsidersthedegradationthath
di↵eretoverheadmaisproduce.
Intitivly,userthrugtincraseswithtenuberofusfulREdur-
inggivnimeitrvalofinterest.Thistieinerval tcanbeither1
TTIr1fram,dpendingonheolmtand(numberofusrs,file
izetbdowloadbyanyuser,etc.).Ithispaperwwilllabelthetotl
nuberousflE(thtis,thoseforuserdata)duringatimeinterval t
byusigthenotio:
 O
Frame
RE,T
(%)=
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
we
 t
RE,T
andO
 t
RE,T
represt,rspcively,tettalnumberofavl-
bl(ll)ndverhadRswitinetimeintrvl t.Suprscript t
isnotsuprfluoussinciwillssistusinmodelingvrietyfsituation
withanunifiedfrals.Aswillodeledinthispap,someoverhed
compnentpparnlyoceprframewhilersarereatdevrTTI.
ToprcedfurtherwLTEcapacitstmaitisoveittocon-
sidrtanotalthebitsarusedttrsportuserdtbutalsotodetet
rro(frinstace,CylicRdundacyheck(CRC)bits).Theusedata
5
!!!!!!!!!!!!!!!!!Simina
ForOFDMA-basedwork,suchasLTE,thvlblemodelcnbe
eninwomjctgories.Tpower-ctolbasdodelstudythe
cobinatiofthstmconfiguratioantheservceareaasafunctionf
SINRdistribuion[14].Thre-contrlbasedmodelsfouonthecombi-
natioofthesystmconfiguraioandthedat-rateprvisinasafunctio
theloddisribtion[15].Thpformaemodelisthenthoptimized
solutintoprvdthedemanddda-rateintheargtarea,belowthebst
machingsyseonfigrtion.
Cnsidrnghereqirmntofherte(ld)basdoelohaven
accurteasureforachcell’capacity,inthisworkwpresentamamat-
clmethodlytcclatthdta-raterovisofrmu-serscenario
freaccellwithflexiblsystemconfigurtionpraetes.
3.PrblemStant
sentiod,heprposeofthisworkisprposdlan
algorithsccuatlystimeDLrougpuorcapacity(C[bit/s])
ofLTsymsinlisticscnariaconsiderthedegraationthtthe
di↵erntovereachaissproduce.
Intuitively,userthrogpuiceaeswihthnumberofsefulREdur-
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Figur 14: Overhead p rce t ge (%) = 1, i h re pect th to al REs, a function
of BW.
f  ORS:
• F r = 4,  O S ⇡ 52% and OPDCCH ⇡ 25%
• Fo n = 2,  ORS re u es up to 42% whil OPDCCH is s up o
⇡ 30%
• F r 1 OPDCCH bec mes cl arly d minant (⇡ 38 ) w c m-
a d o th he s.
igur 15 repres nts th p ak da ra (Mbps) as a funct o f BW
(MHz), p r m rized by the nu e f ra smi i g ante , . o sider-
g t e allow v lues f q i each c nfig ration, fiv se r r r nte :
1) SISO, wi n = 1an q = 0. 2) 2 ⇥ 2 MIMO nd q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 M MO nd q = 0. 5) 4 ⇥ I a d q = 1. In
t e c lcul ti ns, Ng s b en a su ed Ng = 2 b c use f t e c nservative
d sign criteria m ti d before (since w av fo nd it only a↵ c s in X%
[REVIS ]). Figur 15 v al th , alt ough th us of MIMO c emes
i h q = 1 (tw co eword ) is sup rior o SISO in ll h BWs, how r,
this is no th cas hen sing nly od ord (q = 0). Fo instance, f r
BW = 20 MHz, p ak data rate fo SISO is ⇡ 85 MHz, which is g ter
h n th n of 2⇥ 2 MI O with q 0 (⇡ 82 bps), nd 4⇥ 4 MIMO w h
q = 0 (⇡ 77 Mbps).
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of  ORS:
• F r n = 4,  ORS ⇡ 52% nd OPDCCH ⇡ 25%
• Fo n = 2,  ORS re uce up to 42% w ile PDCCH rises up o
⇡ 30%
• For = 1 OPDCCH bec s c arly d minan (⇡ 38%) when com-
pa e o th t ers.
Figu e 15 rep e ts th peak dat rat (Mbp ) as a functi n of BW
(MHz), ar etrized by t e umber of tr sm tting a nna , n. Co sider-
i g h allowed alu s fo q i each co fig atio , fiv case r represented:
) SISO, it n = 1 ndq = 0. 2) 2 ⇥ 2 MIMO nd q = 0. 3) 2 ⇥ 2 MI O
d q = 1. 4) 4 ⇥ 4 MIMO nd q = 0. ) 4 ⇥ 4 MIMO nd q = 1. In
thes calculation , Ng has be n ass med Ng = 2 bec us of the c nservative
e ig cri i mention d b fore (si ce e have fo nd it only a↵ cts in X%
[REVISAR]). Figur 15 r ve l tha , ltho gh use of MIMO sche es
wi h q = (two c deword ) s su e ior to SISO in ll the BW , h wever,
h s t c wh n using on y 1 cod w rd (q = 0). For ins ance, for
BW = 20 M z, th pe k ta ra e f r SISO is ⇡ 85 MHz, which i reat r
th n of 2⇥ 2 MIMO with q = 0 (⇡ 82 M ps), nd 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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Figur 15: Lower b und (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par me rized by the numb r of transmi ting antennas, n. Con idering the allowed
valu s for q in each co figu ion, we have r presented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO w th q = 0. 5) 4⇥4 MIMO with q = 1. In these calc lations, Ng has been assumed
t b Ng = 2.
A k y fi d ng i Figure 15 s t a , when only 1 odeword is used (q = 0),
i creasing the u ber of antennae n does not imply aut matically a higher
bit rate. This is c ear h insp cting the colu ns wi h c lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) an red (n = 4, q = 0). O c we set t BW,
increasing n reduces T . This is bec use of th additional ref rence si nal
resourc s that are impos d by higher or er transmission antennas, as show
in Figures 12, 13, and 14.
9.4. M ximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the aximum number of UEs t at can be scheduled in each TTI. This feature
ust not b mistaken with the maximum number of u ers’ equipments UEs
supp rted by a cell, as the active users c n be scheduled in distributed TTIs.
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Fig re 15: Lower bound (Ng = 2) of the ak data rat (Mbps) as a f nction of BW
(MHz), arametriz d by h n ber f transmitting antenna , n. C nsidering the allowed
values for q in each configuration, we have r presented he following fiv c ses: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi h q = 0. 5) 4⇥4 MIMO with q = 1. In th e calcul tions, Ng has been as umed
to be N = 2.
A k y fi ding in Fig re 15 is that, whe only 1 c dew rd is used (q = 0),
increa ng the umber of ant ae n do s n t imply autom tically a higher
bit rat . This s cle r wh n inspecting the columns with co or grey (n = 1,
q = 0), yellow (n = 2, q = 0) and re (n = 4, q = 0). On e we set the BW,
increas ng n reduces T . Th s is beca se f th additional ref rence sig al
r sources hat are imp sed by higher order transmission antennas, as shown
in Figures 12, 13, an 14.
9.4. M xi um number f UE per TTI
he overhead modeling pre ented in his paper is al o useful o comput
he aximum nu ber f UEs tha can be scheduled in each TTI. This feature
must not be mista en wit the maxi um number of users’ equipments UEs
supported by a cell, as the active u ers an be schedul d in distributed TTIs.
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Figure 15: Low bound g 2) of the p ak data rate ( bps) s a function of B
( z , par etrized by th nu ber f trans itting antennas, n. C s d ring the allowed
values or q in ach configuration, we have rep esented the following five cases: 1) SIS ,
ith n 1 ndq 0. 2) 2 2 I i h q 0. 3) 2 2 I ith q 1. 4) 4 4
I i q 0. 5) 4 4 I ith q 1. In th e calculations, g has been s u ed
to be g 2.
key fi ing in igure 15 i that, he o ly 1 code ord is used (q 0),
i crea ing the u ber of ante a d s n t i ply auto tically a higher
bit r t . his is clear hen insp cting the colu ns ith color grey ( 1,
q 0), y llo ( 2, q 0) and red ( 4, q 0). nce e set the ,
incr a ing reduces T . his is because f the additional reference sig al
r sources th t are i posed by high r order tr ns ission ante nas, s sho n
in ig res 12, 13, and 14.
9.4. axi u nu ber of pe I
The ov rhead odeling present d in t is pap r is also useful to co pute
the axi u number f that ca be scheduled in each I. his feature
ust not be ista e ith th axi u nu ber of users’ equip ents s
supported by cell, s the active users can be scheduled in distributed Is.
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wi = 1andq = 0. 2) 2 ⇥ 2 MIMO wi h q = 0. 3) 2 ⇥ 2 MIMO wit q = 1. 4 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO it q = 1 In thes calc la ions, Ng h be n as um d
o be Ng = 2.
Ng:
A k findi in Fig r 15 is tha , w e o ly cod word i u ed (q = 0),
incr si g he u b r of nt nn n d s n im ly autom tically h ghe
bit r e. This is clear wh n ins c ing t colum s with lor grey (n = 1,
q = 0), yello ( 2, q = 0) nd red (n = 4, q = 0). O c we set the BW,
i creas g n r uc s T . This is because of the additional reference sign l
resour es h t ar mpose by higher order trans ission nt nn s, as shown
n Figures 12, 13, and 14.
9.4. M ximum number of UE p r TTI
NTTIiUE |MAX
The overhead modeling p sen ed in is paper i also u eful to compute
th maximum number f UE that can be scheduled in ach TTI. T is feature
st not be mistaken with th maxim m num er of u ers’ equipments UEs
supported by a ell, a the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum n ber of UEs per TTI as
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystmsinrelisticscenariothatconsidersthedegradatinthatthe
di↵rentoverhadmechanismsproduce.
Intutively,userthrughputincreseswithtnumbrofusefulREdur-
ingagiventimentervalofinterest.Thistiminterva tcanbeeither1
TTIor1frame,dependigontheproblemthand(numberofusers,file
sizetobedownladyanyuse,etc.).Inthispaperwewilllabelthetotal
umberfusefulREs(thatis,thseforuserdata)duingtimeinterval t
byusingtheoation:
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 t
RE,T
represent,respectively,thetotalnumberofavail-
abl(all)andoverheadREswithinthetimeinerval t.Superscript t
isntsuperfluoussinceitwillassistusinmodelingavrietyofsituation
wihanunifidformalism.Aswillbemodeledinthispaper,soeoverhead
cpntpparolyperfrawhileothrsrerepeatedeveryTTI.
TproceefurtwitLTEcapacityestiaionitisconvenienttocon-
siderthtntlthebitsrsetotrnsportuserdatabutalsotodetect
erors(frintace,CylicReduancyCheck(CRC)bits).Thserdata
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of th load distrib ion [15]. T e perf r anc odel is the th optimized
sol tion to provide he dema ed data-rate in the targ t ar a, b low the b st
matching system config r t on.
Consi ering t e requir ment of he rate (l ad) bas d odel t h ve an
accurate measure for each cell’s capacity, in this work we present a mathemat-
cal e o l gy o calculate th da - a e p vision for multi-us r scenarios
for each cell with fl xible syste c nfiguration param ers.
3. P blem State ent
As mentioned, the purpos of t is work is to pr po e a ethodol gy and
a gorithms to accurately esti ate the DL throughput r c pacity (C [bit/s])
of LTE syst ms in realistic scenarios that consid rs t degradation that the
di↵er nt ov rh ad mechanisms produce.
I t itiv ly, us r t roughput incre ses with th umb r of seful RE dur-
i g a given time in erval f in rest. This time int rval  t can be either 1
TTI or 1 fr me, depending on the pro le a and (number of users, file
size to be d w load by any user, etc.). In this paper we will label the total
umber of us ful REs (t at is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be mode ed in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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For OFDMA-base network, such as TE, the vailable odels can be
s en in wo jor categori . The power- t ol based m dels st dy the
ombin i of th sy tem configurati n and the vice area as a function of
SINR di tr bu on [14]. The rat -co rol ased models focus on th combi-
n th sy em co fig r i n h data-rate provision as a function
of h lo d distrib tion [15]. Th for anc mo l is th n the ptimized
olu io o pr v t d manded data-ra e in t e target area, bel w the best
t g sy te onfigu a n.
C id ri g th r q i e t of the r e (load) based model to have an
ccurat m asu f r ch cell’ capacity, i work we present a mathemat-
ic l m th l y to calculate th d ta- ate provi ion for ulti-u er scena io
for e h ll wit fl xible syste configuration parameters.
3. Pr ble Stat men
As m ntion , the p r s of t is work is to propose a methodology a d
lg i s o ccu tely estimate the DL throughput or capacity (C [bit/s])
f L E yst s r listic sce arios that c nsiders the degradation that the
↵ r t v r d m cha is s produce.
Intuit vely, er throughput inc eas s with numb r of us ful RE dur-
n giv time n erval of in r st. hi ti e nterval  t can be either 1
TTI r 1 fra e, depending on t e robl m a han (number of users, file
iz o b d w load y a us r, c.) I this pa er w will la el the tal
nu b of usef l REs ( ha is, th s f r user data) during a ime t rval  t
by us g he otation:
 OFr meRE, T(%) = O
Frame
, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
whe e A tRE, T and O tRE, T rep esent, respectively, the total number of avail-
a l (all) a d ov h ad RE withi h time interval  t. Superscript  t
i no sup rfluo s si ce it will assist us in modeling a va iety of situation
w th an u ifi d form lism. As will be modeled in this paper, some overhead
co pon n s app ar o ly o ce per fra e while others ar repeated every TTI.
o proc ed further with LTE capacity estim tion it is convenient to con-
si er at not all the its are use o ransport user data but also to detect
errors (f r insta ce, C clic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!Sio ina
For OFD A-ba e work, suc s LTE, the vail bl mod ls can b
s e in tw ajor ca ego ie . T e power- o trol b s d models s udy the
c b a i of h sy m config a i and th rvice ea as a function f
SINR i tribu i [14]. T a - o trol based dels foc s on the combi-
ati f the system c fi u tio a d the dat - te pr v sion as a function
o t d is ibuti [15]. T e erf r a ce model is then the optimized
solu i to rov d h demande data-r t he targ area, below th b t
tc ng sy t configuration.
C s d ing th requi ement of he rate (load) bas d model to ave an
c te m sur for h ll’s capac y, in this work we present a m themat-
i l t odol gy to calculat h d a-rate provision f r multi-user sc narios
f r e c c l wit fl xi l sys e c nfig rati para eters.
3. P bl m Stat m t
A tioned, e pu po e f his ork is to propose a ethod logy and
lgo i o ac at ly stim e the DL hroughput or capacity (C [bit/s])
of L E sy s in alistic c nario at considers he degr datio tha he
i↵erent v rhe d c anisms produce.
Intuit v ly, ser t rou hp i cre ses with e nu b of useful RE dur-
g giv ti interval of i terest. Thi time interval  t can be either 1
TTI fr e, ep nding on the probl m at hand (number of users, file
ize to b wnl ad by any s r, e c.). In h s pap r we will label the total
umb of useful REs ( h is, h se f r user d t ) d ing a time interval  t
by us g th no ti n:
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
where A tRE, T n O tRE, T rep e ent, r spectively, t total number of av il-
bl ( ll) a d overh d REs w thi the time interva  t. Super cript  t
is ot superfluou s n e it will a sist us in modeling vari ty of ituatio
with unified for alism. As will e modeled in thi pap r, some overhead
co po en s ppear only once per frame while others are repeated every TTI.
T proceed further with LTE capacity estimation it is convenient to con-
sider that ot all the its are use o ransport user data but also to detect
errors (for instance, Cyclic Redundancy Check (CRC) bits). The user data
5
!!!!!!!!!!!!!!!!!S omina
For OFDMA-based ne ork, s ch as LTE, the availabl models can be
s n in two m jor a ego ies. The ower-control based mod ls study he
m i ation f th sys e c nfigu ation and the servic ar a as a function of
SINR di tri ti [14]. The rate-cont ol sed models focus on th combi-
natio f th sys em c figurati an data-rate pr v sio as a fu ction
of th lo d dis r but on [15]. Th p f rm nce mod l is the th optimized
s lution to provi the d manded da a-rate in the target area, b low t e best
atc ing sys e configur io .
Consider g the r quirement f the ra e (load) b s d model to ave an
cu te m asu e f r e ch cell’s apacity, in this work we present a mathemat-
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ofteloadistibuion[15].Therfoancemodelsthethpimized
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seintwomajorcategories.Thepwr-controlbasedmodlsstudythe
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6.2. S nsitiv y of verhe d on DCI l n th LDCI
As a func i of BW...
6.3. I fl e c of Ng “PHICH Gr u Scali g Fact r”
As a func n of BW...
6.4. Sc nario 1: singl user. LTE Maximum DL Data-rate
Whe t system is c nfigured wi h its highest p rameters and all the
v ilabl r ou e are ssigne t a si gl UE which is in the best reception
nditions, th hig st ata- t p ovision can be expected. An accurate
ver ead calcul ions t at is customized with the syst m configuration, pro-
vid u ith the exact amount of useful r sources that can be assigned for
data-trans ission.
Considering th maximum service provis on capabilities of LTE, for max
da a-ra e calculation, the following system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figur 14: Ove h ad perc n g (%) = 1, wi h r sp ct to the total REs, as a functio
of BW
of  ORS:
• Fo = 4,  ORS ⇡ 52% a OPDCCH ⇡ 25
• For n 2,  ORS re uce up to 42% whil OPDCCH rises up to
⇡ 30%
• For n = OPDCCH becomes clearly d nant (⇡ 38%) when c -
r to th others.
ig 15 repre e ts t peak da a at (Mb s) as a fu ction of BW
(MHz), p r m trize by the u b r of ransmit ing tenn s, n. C nsider-
ing the allow d valu s f r q in ch configuration, five cases are r pres nted:
1) SISO, wi = 1 dq = 0. ) 2 ⇥ 2 MIMO and q = 0. 3) ⇥ 2 MIMO
d q = . 4) 4 ⇥ 4 MIMO nd q = 0. 5) 4 ⇥ 4 IMO and q = . In
e calcula io s, Ng a be n assu Ng = 2 because of th c servative
de g c it ri me tioned before (since we hav found it only ↵ects in X%
[REVISAR]). Figu e 15 r veals that, although th us of MIMO schem s
i h q = 1 ( wo c d w ds) is su erior to SISO i all the BWs, ho ever,
his i no the se hen u ing only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, t e p ak data ra e f r SISO is ⇡ 85 MHz, which is g ater
tha he on f 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
1, q = 0
2⇥ 2, q
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Fig re 4: Over ead perce tage (%) = 1, w th espect to the tot l REs, s a function
of BW.
o  O S:
• Fo n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• F r n = 2,  ORS reduces up to 42% wh le OPDCCH rises up to
⇡ 30%
• F r n = 1 OPDCCH bec e clearly d min nt (⇡ 38%) when com-
pare to he other .
Figure 15 rep es nts th peak data rat (Mbps) a a function of B
(MHz), param trized y the umb of ra mitting antennas, n. Consider-
ing th allowed v ues for q in ch co figurati n, five cases are r present d:
1) SIS , with = 1 d = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0 5) 4 ⇥ 4 MIMO and q = 1. In
th se calcul t ons, Ng has b en assum d Ng = 2 because of the conservative
design cri eria m ntioned before (sinc e h ve f un it nly a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
wi q = 1 (t o codewor s) is upe io t SISO in all the BWs, however,
t is is no t e s when usin only 1 c deword (q = 0). For instan e, for
BW = 20 MHz, the pe k d ta rate for SISO is ⇡ 85 MHz, which is great r
th n t e on of 2⇥ 2 MIMO wi h q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
= 0 (⇡ 77 Mbps).
n = 1, q = 0
⇥ 2, q = 0
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number of transmi ting antennas, n. Considering the allowed
values for q in each config ration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO wit q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
inc easi g the number of antennae n does not imply automatically a higher
bit a . This is clear when inspecting the columns with color grey (n = 1,
q = 0), yell w (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing reduces T . This is because of the additional reference signal
resourc s that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum umber of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mis aken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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Figure 15: Low r bound (Ng = 2) f the peak data rate (Mbps) a a function of BW
(MHz), parametrized by the number of transmitting antennas, n. Considering the allowed
values for q in each configuration, we have represented he following fiv cases: 1) SISO,
wi h n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi q = 0. 5) 4⇥4 MIMO with q = 1. In the e calculations, Ng has been as umed
to be Ng = 2.
A key finding in Figure 15 i tha , when only 1 codeword is used (q = 0),
increasi g the num er of ant nnae n does not imply automatically a higher
bit rate. This is l ar when nspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) a d red (n = 4, q = 0). Once we set the BW,
increasi g n reduces T . This is beca se of the additional reference sig al
r sourc s that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximu numbe f UE per TTI
The overhead odeling presented in his paper is also useful to comput
the maximum nu ber of UEs that can be scheduled in each TTI. This feature
m st not be istaken with the maximum number of users’ equipments UEs
supp rted by a cell, as the active us rs can be scheduled in distributed TTIs.
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Figure 15: Lowe bound g 2) f he p ak da a ra e ( bps) as function of B
( z), para etrized by the nu ber of trans itting antennas, n. Considering the allowed
values for q in each configura ion, we have repr sen ed the f llowing five cases: 1) SIS ,
ith n 1andq 0. 2) 2 2 I ith q 0. 3) 2 2 I ith q 1. 4) 4 4
I i h q 0. 5) 4 4 I ith q 1. In the e calculations, g has been as u ed
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q 0), yello ( 2, q 0) and red ( 4, q 0). nce e set the ,
increasing reduc s T . his i beca e of the dditional reference sig al
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he overh ad modeli g presented in this paper is also useful to co pute
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supported by a cell, as the active users can be scheduled in distributed Is.
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Figur 15: Low r ound (Ng = 2 of the p ak data rate (Mbps) as a function of BW
(MHz), parametriz d y the nu b r of tr nsmitting ant nnas, n. Considering the llowed
valu s for q i ach configura ion, we hav repres n ed he followi g five ca s: 1) SISO,
wit = 1a dq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In th se calculations, Ng h s been assum d
t be Ng = 2.
Ng:
A key fi ng in Figu e 15 i tha , wh n only 1 codeword is used (q = 0),
i cr asin the u ber of nten ae n d s no imply utoma ically a higher
it ra . This is clear whe inspecting the columns with lor grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
i creasing reduces T . This is because of the add tional ref rence signal
resources that are i p sed by higher order transmission antennas, as shown
in Figu es 12, 13, and 14.
9.4. Maximum number of UE per TTI
NTTIiUE |MAX
The o erhead modeling presen d in is paper is also u eful to compute
the ximum nu ber of UE tha can be scheduled in e ch TTI. This feature
st no b mistaken wi h the maximum number of u ers’ equipments UEs
supported b a cell, as the active users can be sch duled in distributed TTIs.
Figures 16, 17 and 18 show t e maxim m number of UEs per TTI as
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icalmethodologytocalcultethdata-rateprvisonfmulti-userscenarios
forechcellwithflexibleytemconfigurationparamters.
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For OFDMA-ba d etwork, uch a LTE, t availabl odels can be
s en in two major c t g ries. The power-control base m dels s udy th
c m ination of the syst figura i n nd the s rvice re as func ion f
SIN dis ribution [14]. he r te-co tr l bas d dels f us o th combi-
natio of the sy tem configu ti nd he data-r te provi i n as a function
f the load ist ibutio [15]. The perfo n e o el i hen t e opti ized
solution to provide th deman ed da a-r e in th t rge area, below the best
ma chi g sy tem c nfiguration.
C nsidering the requir m nt of the rate (lo d) based model to have an
accur te measure for each c ll’s c pacity, in this work we pr s nt a math m t-
i al eth dology to c lculate the data-ra e p ovision for ulti-use ena ios
for e ch cell wit fl xible syste c nfiguration parameters.
3. P oble Stat ment
As me tioned, t e purpos of this w rk is o pr pos a eth d lo y and
algorithms to accu ately es i ate the DL throughput or cap ci y (C [bit/s])
of LTE systems in re listic scenarios that considers t degradation that the
i↵er nt overhead echanisms produce.
Intu tiv ly, us r throughput i cr a es ith the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on he problem at and ( umber of users, fil
size to be download by ny user, etc.). I this pap r we will label the total
number of useful RE (that is, those for user dat ) during a time i terval  t
by using the no ation:
Overhead percenta e
with respect to the v ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 4: Maxim m nu ber of users p r TTI, pa ametriz d by Ng = 1/6, 1/2, 1, 2, as a
funct on of BW for 2⇥ 2 MIMO configu tio with q = 1 (a) and q = 0 (b).
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For FDMA-based w rk, ch a LTE, th avail l mode s can be
seen in wo maj r ategorie . o e -c trol based models s udy the
co binati n of he system o figura io d th vic r a as a functio f
SIN i ribution [ 4]. Th r te-c nt l b sed models fo u the c b -
at o of the syst c nfig ra io nd the d ta-rate pr vi on s a fu ctio
of th load distribu i n [15]. The perf rma ce mod l is then he optimized
olution t provide h de and d da a-r in th targe , b low the be t
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3. P oble Stat m nt
A m i ned, the purpos of this w k is to p os et o logy and
algorithms accur ly estimate th DL hrou pu or ca acity (C [b t/s])
of LTE st s in ealist c sc nari s h t consi rs t d gr atio that e
di↵er nt over ead m c ani s prod c
Intuitively, use h ughpu increases wi h the numb r of useful RE ur-
in a iven time int rval f in eres . T is time interval  t can be i r 1
TTI or 1 fr me, d p nding on h roblem at nd (n mber f users, fi e
size to be download b ny user, etc.). In t is pa er we will label the total
umber of u ful REs (t t is, th se for user data) during a time i t rval t
b using th not tion:
Ove head p n ag
wi r s ect to the v lable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFr meRE, T
⇥ 100
U tRE, T = A tRE, T  O RE, T, (1)
wher A tRE, T nd O tRE, T represent, respectively, the total number f avail-
able ( ll) and o rhead REs wi hin the time interval  t. Superscript  t
is n t superfl ous since it will ssist in mo l ng v ri ty f situation
with an unified formalism. As will modeled in his pape , some ov rhead
compon nts app ar ly once per frame while others are repeated every TTI.
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For OFDMA-based netw rk, such as LTE, the avail ble models can be
see in major cat g rie . The ower-control based mo ls study he
ombinatio f he sy te configurat n and th se vice area as a functi n of
SIN dis r bution [14]. h r e-cont ol b se odels f cus on he co i-
nati of he syst m configur ion a d he d ta-rate provision as a function
of t e lo d distributi [15]. The perf r anc o el is h n the optimized
solu ion t provide the demand d t -rat in the target a a, below the b s
matc ing syst m configu ion.
C nsidering the r quir ent of the rate (lo d) based m del to have n
accurat measure for each c ll’s c pacity, in his work w presen a mathemat-
ical m odology to calc la e the da - at rovisio for multi-user sc n rios
for e ch c ll wi h flexible syste c nfi ura io parameters.
3. P obl m St temen
A m tioned, the pur os of this work is t pose e odology and
algorithms o u ately estimate the DL hroughp t or capa ity (C [bit/s])
f LTE syst ms i reali tic s enarios that co siders t degr dation tha the
di↵er nt overh ad mec anisms pr duc .
Intuitiv l , user thr ughput inc as s with he number of us fu RE dur-
i g a given time in erval f n erest. his t e interval  t can be either 1
TTI r fr m , dep nding on the r bl m at and (nu ber of sers, file
size to be d wnload by any user, c.). In this paper we will label the total
nu ber f u eful REs (that is, thos for user data) d ring time i terval  t
by using the not tion:
Ove h ad percen age
wit r s t to h av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T represent, respectively, he to al number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of si uation
with an unifi d formalism. As will be modeled in this pape , som overhead
c mpo nts appear o ly once per frame while others ar repeated every TTI.
5
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For OFDMA-based network, such as LTE, t e av ilable models can be
see in two major cate ories. The po er-control bas d mo els study the
combi ation of th stem configurat on and the service area a a function f
SINR d stribution [14]. The rate-control based models focus on the co bi-
ation of t syst m configuration and the data-rate provision as a function
of th lo d distributi n [15]. Th performanc mod l is then the op imized
solution to pro de the demanded data-rat in the t rget area, b low the best
matching syst m configuration.
C sid ring the requirement of the ate (load) based model to have n
acc rate measure fo each cell’s capacity, in this work we present a mathemat-
ic l methodology to calculate he data-rate provision for multi-us r scenari s
for each cell with flexible yst m configuratio parameters.
3. P oblem Statem t
As mentioned, e purpose of this work is to pr pose a methodolo y and
alg rithms to ccurately estimat the DL throughput or capacity (C [bit/s])
of LTE system n realistic scena ios t t considers the degr dati n that the
i↵eren overh ad mechanisms pr duce.
Intuitively, user throughput increases with he number of useful RE dur-
ing a given time interval of interest. This time interval  t can be eith r 1
TTI or 1 frame, depending on the proble at hand (number of users, file
size to be downlo d by any user, etc.). In is paper we will lab l th total
number of useful REs (that is, those for user d t ) during a time interval  t
by sing the not tion:
Ove h d percentag
(with r sp ct to the av lable REs)
BW (MHz)
 OTTIRE, T %) = O
Fram
RE, T
AF ameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
wh re A tRE, T and O tRE, T represent, espectively, the total number of avail-
able (all) nd overhead REs within the i e interval  t. Superscript  t
is no s p rfluo s sinc it ill assist us in modeli g a variety of situation
with an unified formalism. As will be model d in this paper, some overhead
compone ts appear o ly once per frame whi e thers ar repe ted every TTI.
5
F
igu
re
5:
O
verh
ead
p
ercentage
(%
),
w
ith
resp
ect
toA
 
t
R
E
,
T
,
as
a
fu
n
ction
of
B
W
.
S
qu
ared
sym
b
ols
rep
resents
 O
F
ra
m
e
R
E
,
T
(%
)
 O
T
T
I
R
E
,
T
(%
).
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
6.2.
S
en
sitivity
of
overhead
on
D
C
I
len
gth
L
D
C
I
A
s
a
fu
n
ction
of
B
W
...
6.3.
In
fl
uen
ce
of
N
g
“P
H
IC
H
G
roup
S
calin
g
F
actor”
A
s
a
fu
n
ction
of
B
W
...
6.4.
S
cen
ario
1:
sin
gle
user.
L
T
E
M
axim
um
D
L
D
ata-rate
W
h
en
th
e
system
is
con
fi
gu
red
w
ith
its
h
igh
est
p
aram
eters
an
d
all
th
e
availab
le
resou
rces
are
assign
ed
to
a
sin
gle
U
E
w
h
ich
is
in
th
e
b
est
recep
tion
con
d
ition
s,
th
e
h
igh
est
d
ata-rate
p
rovision
can
b
e
exp
ected
.
A
n
accu
rate
overh
ead
calcu
lation
s
th
at
is
cu
stom
ized
w
ith
th
e
system
con
fi
gu
ration
,
p
ro-
vid
es
u
s
w
ith
th
e
exact
am
ou
nt
of
u
sefu
l
resou
rces
th
at
can
b
e
assign
ed
for
d
ata-tran
sm
ission
.
C
on
sid
erin
g
th
e
m
axim
u
m
service
p
rovision
cap
ab
ilities
of
LT
E
,
for
m
ax
d
ata-rate
calcu
lation
,
th
e
follow
in
g
system
con
fi
gu
ration
sh
all
b
e
ap
p
lied
:
•
T
h
e
h
igh
est
B
W
of
20
M
H
z
(N
R
B
=
100
an
d
P
=
4)
•
T
h
e
h
igh
est
sp
atial
m
u
ltip
lexin
g
level,
im
p
lyin
g
2
cod
ew
ord
s
(q
=
1),
an
d
4⇥
4
M
IM
O
(⌦
=
4).
26
Figure5:Overhdpecntag(%),wthrepttA
RE,T
,afuncioofBW.Squrd
sybolrprents O
Fre
RE,T
(%) O
TTI
,
(%).
 O
TTI
RE,T
(%)=
O
Frm
RE,T
A
Fae
RE,T
⇥10
6.2.SsitivityofvrhadoDClegthL
DCI
AsafuntioofBW...
6.3.IfluenceofN
g
“PHICHGrpScalingFctor”
AsfunctionofBW...
6.4.Scnaio1:igleus.LTMaxuDLDt-a
Whentyeisfigdwithihigetprmradalle
availblrsoucereassigdosinglUiiintbsepn
conios,hgesa-rateroiiocbpce.Aaccu
vhlcultiosttiustozdhtsystecnfiuripr-
vidsuswitthxctaouuelrsouetcessigdfo
d-trmisio.
CirigthemximusrvicprvisoncaiitisLT,frx
da-raclculion,thefllingystecofiguioallpi:
•hhihtBWf20MHz(N
RB
=100dP=)
26
Peak%data%rate%(Mbps)n=4
=2
=1
Figre11:Pakd(Mbp)sfncinfBW(MHz)prmtrizedby
numbeofnsittinanens,n=2,an4,rsctivl.
Pekatrate,T(Mp)
Tefigrslthrfct:
1.Inttrensmticnfiguras,fBW>5MHz,tdi-
nntoveeadcopr,axtt,O
RS
adO
PHICH
.
36
35
0
30
0
25
0
20
0
15
0
10
0 50 0
0"10
"
20
"
30
"
40
"
50
"
60
"
1.
4"
3"
5"
10
"
15
"
20
"
O
_P
CF
IC
H
"
O
_P
H
IC
H
"
O
_P
D
CC
H
"
O
_R
S"
30
"
40
"
50
"
60
"
70
"
80
"
 
TTI
copi
(%=
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
P
D
C
C
H
 
OT
T
I
R
S
 
OT
T
I
P
H
IC
H
 
OT
T
I
P
C
F
IC
H
1.
4
3
5
10
15
20
0102030405060
F
ig
u
re
14
:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
)
n
=
1,
w
it
h
re
sp
ec
t
to
th
e
to
ta
l
R
E
s,
as
a
fu
n
ct
io
n
of
B
W
. o
f
 
O R
S
:
•
F
or
n
=
4,
 
O R
S
⇡
52
%
an
d
O P
D
C
C
H
⇡
25
%
•
F
or
n
=
2,
 
O R
S
re
d
u
ce
s
u
p
to
42
%
w
h
il
e
O P
D
C
C
H
ri
se
s
u
p
to
⇡
30
%
•
F
or
n
=
1
O P
D
C
C
H
b
ec
om
es
cl
ea
rl
y
d
om
in
an
t
(⇡
38
%
)
w
h
en
co
m
-
p
ar
ed
to
th
e
ot
h
er
s.
F
ig
u
re
15
re
p
re
se
nt
s
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
-
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
fi
ve
ca
se
s
ar
e
re
p
re
se
nt
ed
:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
an
d
q
=
0.
3)
2
⇥
2
M
IM
O
an
d
q
=
1.
4)
4
⇥
4
M
IM
O
an
d
q
=
0.
5)
4
⇥
4
M
IM
O
an
d
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
N
g
=
2
b
ec
au
se
of
th
e
co
n
se
rv
at
iv
e
d
es
ig
n
cr
it
er
ia
m
en
ti
on
ed
b
ef
or
e
(s
in
ce
w
e
h
av
e
fo
u
n
d
it
on
ly
a↵
ec
ts
in
X
%
[R
E
V
IS
A
R
])
.
F
ig
u
re
15
re
ve
al
s
th
at
,
al
th
ou
gh
th
e
u
se
of
M
IM
O
sc
h
em
es
w
it
h
q
=
1
(t
w
o
co
d
ew
or
d
s)
is
su
p
er
io
r
to
S
IS
O
in
al
l
th
e
B
W
s,
h
ow
ev
er
,
th
is
is
n
o
th
e
ca
se
w
h
en
u
si
n
g
on
ly
1
co
d
ew
or
d
(q
=
0)
.
F
or
in
st
an
ce
,
fo
r
B
W
=
20
M
H
z,
th
e
p
ea
k
d
at
a
ra
te
fo
r
S
IS
O
is
⇡
85
M
H
z,
w
h
ic
h
is
gr
ea
te
r
th
an
th
e
on
e
of
2
⇥
2
M
IM
O
w
it
h
q
=
0
(⇡
82
M
b
p
s)
,
an
d
4
⇥
4
M
IM
O
w
it
h
q
=
0
(⇡
77
M
b
p
s)
.
n
=
1,
q
=
0
2
⇥
2,
q
=
0
38
0"10
"
20
"
30
"
40
"
50
"
60
"
1.
4"
3"
5"
10
"
15
"
20
"
O
_P
CF
IC
H
"
O
_P
H
IC
H
"
O
_P
D
CC
H
"
O
_R
S"
30
"
40
"
50
"
60
"
70
"
80
"
 O
TTI
cmpi
(%)=
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
P
D
C
C
H
 
OT
T
I
R
S
 
OT
T
I
P
H
IC
H
 
OT
T
I
P
C
F
IC
H
1.
4
3
5
10
15
20
0102030405060
F
ig
u
re
14
:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
)
n
=
1,
w
it
h
re
sp
ec
t
to
th
e
to
ta
l
R
E
s,
as
a
fu
n
ct
io
n
of
B
W
. o
f
 
O R
S
:
•
F
or
n
=
4,
 
O R
S
⇡
52
%
an
d
O P
D
C
C
H
⇡
25
%
•
F
or
n
=
2,
 
O R
S
re
d
u
ce
s
u
p
to
42
%
w
h
il
e
O P
D
C
C
H
ri
se
s
u
p
to
⇡
30
%
•
F
or
n
=
1
O P
D
C
C
H
b
ec
om
es
cl
ea
rl
y
d
om
in
an
t
(⇡
38
%
)
w
h
en
co
m
-
p
ar
ed
to
th
e
ot
h
er
s.
F
ig
u
re
15
re
p
re
se
nt
s
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
-
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
fi
ve
ca
se
s
ar
e
re
p
re
se
nt
ed
:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
an
d
q
=
0.
3)
2
⇥
2
M
IM
O
an
d
q
=
1.
4)
4
⇥
4
M
IM
O
an
d
q
=
0.
5)
4
⇥
4
M
IM
O
an
d
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
N
g
=
2
b
ec
au
se
of
th
e
co
n
se
rv
at
iv
e
d
es
ig
n
cr
it
er
ia
m
en
ti
on
ed
b
ef
or
e
(s
in
ce
w
e
h
av
e
fo
u
n
d
it
on
ly
a↵
ec
ts
in
X
%
[R
E
V
IS
A
R
])
.
F
ig
u
re
15
re
ve
al
s
th
at
,
al
th
ou
gh
th
e
u
se
of
M
IM
O
sc
h
em
es
w
it
h
q
=
1
(t
w
o
co
d
ew
or
d
s)
is
su
p
er
io
r
to
S
IS
O
in
al
l
th
e
B
W
s,
h
ow
ev
er
,
th
is
is
n
o
th
e
ca
se
w
h
en
u
si
n
g
on
ly
1
co
d
ew
or
d
(q
=
0)
.
F
or
in
st
an
ce
,
fo
r
B
W
=
20
M
H
z,
th
e
p
ea
k
d
at
a
ra
te
fo
r
S
IS
O
is
⇡
85
M
H
z,
w
h
ic
h
is
gr
ea
te
r
th
an
th
e
on
e
of
2
⇥
2
M
IM
O
w
it
h
q
=
0
(⇡
82
M
b
p
s)
,
an
d
4
⇥
4
M
IM
O
w
it
h
q
=
0
(⇡
77
M
b
p
s)
.
n
=
1,
q
=
0
2
⇥
2,
q
=
0
38
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
Pekatarte(Mbp)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
Peakdatrate(Mp)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
akdara(bps)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
M
ax
.
n
o.
of
u
se
rs
p
er
T
T
I
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
N
T
T
I i
U
E
| M
A
X
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
F
ig
u
re
s
16
,
17
an
d
18
sh
ow
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
p
er
T
T
I
as
39
0
2
4
6
8
0
2
4
6
8
0
.
Figur 13: Maxi um n mb r s rs per TTI, pa metrized y Ng = 1/6, 1/2, 1, 2, as a
fu cti of BW for 4⇥ 4 MIMO co fig rat n with q = 1 ( ) and q = 0 ( ).
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Fo OFDMA-base n twork, uch as LTE, the available models can be
s en i tw m jor categori . The power-control based models study the
co bi at o of the ys em c figuration and the service area as a function of
SINR dis ribution [14]. The rat -c ntr l bas mod ls f cus on the combi-
n ti f th system config tion nd the dat -rate provision s a function
of he l ad distributio [15]. The performa ce model is then the optimized
s l tion to p ovi the ema ed ata- at in th target area, below he b st
atc g yst m configur tion.
C idering the r uir men f the rate (load) based mod l to have an
accura e m re f r ach cell’s capacity, in this work we prese t themat-
ical tho l gy to c lc la the data-rate rovision for multi-user scenarios
for e h l wit fl xibl ys m c figuration parameters.
3. P oblem St t ent
As ntione , he urpose of t is work is to propose a methodology and
a gori h s t a curately es imate th DL t oughpu or capacity (C [bit/s])
f LTE sy e s in re listi sc na ios that nsiders the degradation that t
di↵ r ov h ad e hanisms produc .
Intu iv ly, user throughput increas s with the number of useful RE dur-
i g give tim interval of i te st This time interval  t can be either 1
T I or 1 f ame, depending n the problem at hand (number of users, file
iz o b downlo d by any u r, tc.). In t is paper we will lab l the total
n er of seful REs that is, th se for user data) u ing a time i terval  t
by sin the n ta ion:
 OFramRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A tRE T  O tRE, T, (1)
wh e A tRE, T and O tRE, T p e nt, resp ctively, the total number of avail-
le (all) nd ve head REs within the time interval  t. Superscript  t
s n sup rfluous since it will as ist us in modeling a variety of situation
wi an u ifi d formalism. As will be model d in this paper, some overhead
omp n n s ap a nly nce per frame whil others are repeated every TTI.
T p ce d fur h r with L E capacity e tima ion it s co venient to con-
si er t not ll th bits r sed to transport ser data but also to detect
rrors (fo instance, Cyclic Redundancy Check (CRC) bits). The user data
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matchingsystemonfigration.
Consieringrquirmenoftrat(load)bsedodelohv
accuratemasurforeachcell’scapacity,ithiorkwepresentmatht-
iclmtoologytocalcultthedata-ratepovisnfmulti-userscaros
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3.ProbleStatm
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Figur 5: Ov h p rc t ge (%), with r s ect to A tRE, T, s a functi of BW. Sq ared
symbo s rep sen s  OFrRE, T(%)  OTTIRE, T(%)
 OTTIRE, T(%) = O
F ame
R , T
AFraRE, T
⇥ 100
6.2. S nsi ivity of over ad n DCI leng h LDCI
s fu ction of BW...
6.3. I fl e f Ng “PHICH G up S li g Fac or”
As f nct n of BW...
6.4. Scenari 1: single user. LTE Maxi DL Data-rate
Whe th ystem is configured with its ighe t parameters and all the
vail bl re urce a e ssigne to a singl UE w i h is in th b st reception
c ndition , t highest d t -r te provisio can be expected An accurate
overhead calcula ions that is cus omized with the system configuration, pro-
v des us wi h the exact amount f useful esources that can be assigned for
dat -transmission.
Co si eri g the m xim servic provision capa ilities of LTE, for max
da a-rate c lculatio , the llowing sys e co figuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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Figure 14: Overhead p rcent ge (%) = 1, wi resp ct to t e ot l REs, as a functio
of BW.
of  ORS:
• F r n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• Fo = 2, ORS red c s up to 42% whil OPDCCH rises up to
⇡ 30%
• For n 1 OPDCCH c m s cl a ly d minant (⇡ 3 %) when com-
pared to th ot ers.
Figur 15 repre nts the peak d a rat (Mbps) as a function of BW
MHz), par e rize by the nu ber f tra s it ing antennas, n. Consid r-
i g th allow alue fo i ach configu ation, five case are r presen ed:
1) SISO, ith n = 1 n q = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
a d q = 1. 4) 4 ⇥ MIMO and q = 0. 5) 4 ⇥ 4 M O and q = 1. I
h e calcul o s, Ng a b assu ed Ng = 2 b cause f the conservative
sig crite m ti n d bef re (since we hav fou d it only a↵ cts in X%
[REVISA ]). Fig re 15 rev als th t, al hough th use of MIMO schemes
w q = 1 (t o od word ) is up ri r to SISO in all the BWs, howe er,
t is is o e case when using o ly codeword (q = 0). For i stance, for
BW = 20 MHz, th p k data rate fo SISO is ⇡ 85 MHz, w ich is g a er
h n t one of 2⇥ 2 MIMO with q 0 (⇡ 82 bps), nd 4⇥ 4 MIMO with
q = 0 (⇡ 77 bps).
1, q = 0
2⇥ 2, q = 0
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Figur 14: O e h ad p rc tag (%) = 1, with r pect to the total REs, as a function
of BW.
of  ORS:
• For = 4,  ORS ⇡ 52% nd OPDCCH ⇡ 25%
• Fo = 2,  ORS r d es p to 42% w ile OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pared o the others.
Figure 15 represents th peak data rat (Mbps) as a function of BW
(MHz), p ra etrized by the numb r of tra smitting antennas, n. Consider-
ing th a l wed val es or q in each configuration, five cases are represented:
1) SIS , wit n = 1a dq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
a q = 1. 4) 4 ⇥ 4 MIMO and q = 0 5) 4 ⇥ 4 MIM an q = 1. In
these calculations, N has b en a sum d Ng = becaus of the conservative
d sign crit ri me ti ed b for (since e h ve found it only a↵ects in X%
[REVIS R]). Figure 15 reveals hat, lthough the use of MIMO schemes
wi q = 1 ( w c d wo ds) is supe ior to SISO in all the BWs, however,
this is n th c s wh n using only 1 code ord (q = 0). F r instan e, fo
BW 20 MHz, th p ak data rate for SISO is ⇡ 8 MHz, which is great r
t n th one of 2⇥ 2 MIMO wi q = 0 (⇡ 82 M ps), nd 4⇥ 4 MIMO with
q 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak dat rate (Mbps) s a function of BW
(MHz), par m trize by the nu ber f transmi ting antennas, n. Considering the allowed
valu s f r q in each co figuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
t be Ng = 2.
A key find ng in Figure 15 is that, when only 1 codeword is used (q = 0),
i creasing the nu ber of antennae n does not imply automatically a higher
bit rate. This is clear hen inspecting the columns with color grey (n = 1,
q = 0), ellow (n = 2, q = 0) an red (n = 4, q = 0). Once we set the BW,
increa ing n reduces T . This is because of the additional reference signal
r sources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number f UEs that can be scheduled in each TTI. This feature
ust no be mistaken with the maximum number of users’ equipments UEs
supported by a ell, as the active users ca be scheduled in distributed TTIs.
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Figure 15: Lower ound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), ar me rized y the nu ber of transmitting antennas, n. Considering the allowed
v lu s for q in each co fig r tion, we have represent d he followi g fiv c ses: 1) SISO,
with = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wi h q = 0. 5) 4⇥4 MIMO ith q = 1. In th e calculations, Ng has be n as umed
to be N = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
inc easi g the u ber of nten ae n does not imply aut m tically a higher
bit rat . This s clear wh n inspecti g the c lumns with color grey (n = 1,
q = 0), yellow ( = 2, q = 0) nd re (n = 4, q = 0). Once we set th BW,
in r as ng n duc s T . Th s is because of the additional reference sig al
r sources ha are i posed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number f UE per TTI
The overhead odeling presented in his paper is also useful to comput
he m ximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with h maxi um number of users’ equipments UEs
support d by a cel , as the active u er can be scheduled in distributed TTIs.
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Figure 15: Lowe ound g 2) of the p ak data rate ( bps) as a function of B
( z), par etrized y he nu er of trans itting antennas, n. Considering the allowed
v lues fo q in each config tion, w hav represented the followi five c ses: 1) SIS ,
ith 1andq 0. 2) 2 2 I ith q 0. 3) 2 2 I ith q 1. 4) 4 4
I i q 0. 5) 4 4 I ith q 1. In th e calculations, g has been as u ed
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key finding in igure 15 i that, hen o ly 1 code ord is used (q 0),
i creasing the nu ber of antenna d s not i ply auto atically a higher
bit rat . his is cl ar hen insp cting the colu ns ith color grey ( 1,
q 0), ello ( 2, q 0) and red ( 4, q 0). nce e set the ,
increasing reduces T . his is because of the additional reference sig al
r sources th t are i posed by high r ord r trans ission antennas, as sho n
n ig res 12, 13, and 14.
9.4. axi u nu ber of pe I
he overhead odeli g present d in t is paper is also useful to co pute
the xi u nu ber of that can be scheduled in each I. his feature
ust not b istak ith he axi u nu ber of users’ equip ents s
supported by a cell, s the activ users can be scheduled in istributed Is.
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Fi ur 5: Low r b und (N = 2 of the pe k data ate (Mbps) as fun tion f BW
(MHz), p r etrized by th nu b r f tra smitting anten a , n. Considering the allo ed
v l es for q e ch configurati n, we hav r pres nted he following five cas s: 1) SISO,
th = 1andq = 0. 2) 2 ⇥ 2 MIMO wi h q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO wit q = 1. In the e calcu ations, Ng h s been ssu d
o be Ng = 2.
Ng:
A k y finding in Figure 5 is that, when o ly codeword is used (q = 0),
incr sing t e nu er of n n ae n do s o imply automatica ly a higher
it r . T i is clear wh n ins ectin the colum s with lor grey (n = 1,
q = 0), yellow ( 2, q = 0) and r d (n = 4, q = 0). Once we set the BW,
creasing n re uc s T . Th s is because of the addition l re erence s gnal
r s ur es th t are imposed by high r rd r tran ission anten as, as shown
i Fi ures 12, 13, nd 14.
9.4. M xim m mber of UE p r TTI
NTTIiUE |MAX
he o erhead modeling presented in i paper is also u ful to compu e
th maximum number f UE th t can be scheduled in each TTI. This feat re
st not be mistaken with the maximum num er of u ers’ equipments UEs
supported by a ell, as t e active users ca be scheduled in distributed TTIs.
Figures 16, 17 and 18 sh w the aximum number of UEs per TTI as
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it
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E
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em
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al
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it
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u
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p
u
t
in
cr
ea
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w
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m
b
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ef
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R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
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te
rv
al
of
in
te
re
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.
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h
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ti
m
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te
rv
al
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ca
n
b
e
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th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
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th
is
p
ap
er
w
e
w
il
l
la
b
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th
e
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ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
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d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
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si
n
g
th
e
n
ot
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⇥
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R
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R
E
,
T
an
d
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t
R
E
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re
p
re
se
nt
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re
sp
ec
ti
ve
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,
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e
to
ta
l
nu
m
b
er
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av
ai
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ab
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(a
ll
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an
d
ov
er
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ad
R
E
s
w
it
h
in
th
e
ti
m
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rv
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p
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p
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at
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n
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u
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al
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il
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b
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ea
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p
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am
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ot
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ar
e
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ea
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d
ev
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T
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o
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ro
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fu
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m
at
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n
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nt
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co
n
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d
er
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ot
al
l
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e
b
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e
u
se
d
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se
r
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a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
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b
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d
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ForOFDMA-basednetwrk,suchsLTE,theavalablemodelscnbe
seenintwomajorcategries.Thepower-controlbasedmdelsstudythe
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SINRdistribution[14].Therat-cntrolbasedmodelsfocusonthecombi-
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ofteloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidthedemandddata-rateinthetargetarea,belowthebest
matchingsystemonfigration.
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icamehodologyocalculatthedata-rateprovisionformulti-usrscearios
foreachcellwihflexiblesytemconfiguratinparamter.
3.PrblmStatent
Amentiond,thpupoeofthiswrkistoproposeamethodologyand
algorithstoccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystmsinelisticscenariothtcnsidrstheegratithatth
di↵rentverhadmchanismsproduce.
Inutively,srthrughputincreseswithnumbofusefulREdur-
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iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
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itively,
u
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th
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p
u
t
in
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w
ith
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e
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m
b
er
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R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
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tim
e
interval
 
t
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b
e
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1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
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el
th
e
total
nu
m
b
er
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R
E
s
(th
at
is,
th
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u
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d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
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w
ith
resp
ect
to
th
e
availab
le
R
E
s
,
B
W
(M
H
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,
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=
O
F
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m
e
R
E
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T
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R
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t
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E
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R
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h
ereA
 
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T
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 
t
R
E
,
T
rep
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e
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nu
m
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er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
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p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
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rep
eated
every
T
T
I.
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IN
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d
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[14].
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b
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!!!!!!!!!!!!!!!!!Si min
F r OFDMA-b se etw rk, s ch s LTE, t e availab mod ls c n b
s i wo m jor c tego i . The pow r-c tr bas d models tudy t e
ombin i f the syst m nfig ation d h servic area s a func ion of
SINR distribution [14]. The t - nt ol based odels fo s n the combi-
na i of he y m configurat d h dat - ate rovision a a fu c io
of the load dis rib ion [15]. T p rfor anc od l is the the opti zed
ol tion to pr vide he d a ded data-rat in the t rg t ar a, b l w the best
ma ching system co figur t on.
C si ering the req ir ment of h rate (l d) b sed mod l to have an
acc rate me ur for each c ll’s cap city, n this wor w pres nt mathe at-
cal t odology o c lcula e the da - at p vi on for multi- ser sce a ios
f each cell with fl xible sys e nfig rat n param ers.
3. P bl m St m nt
As m ntione , the purp s of t is work is to pr po e et odol gy and
algo ithms to ccurately esti ate the DL hroughput r c pacity (C [bit/s])
of LTE yst s in ealistic cenari hat con iders t degradation that th
i↵er nt overh ad m chanis s produce
I tuitiv ly, user t roughput increases with he num r of useful RE dur-
i g a given ti e n erval f in rest. This time interval  t c n be either 1
TTI or 1 fr e, depen i g on the pro lem a and ( mber of users, file
size to b ow l ad by ny us r, etc.). In this paper we will label the total
u b r of useful REs (t at is, those for user d ta) during a time i terval  t
by usi g the n tation:
Ove h ad p r ent ge
wi h respect to the av ilabl REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time nterval  t. Superscript  t
is not superfluous since i will ss st u in m del ng a variety of sit ation
with an unifie formalism. As will b modeled in this ape , some overhead
co pon nts appear o ly once per frame whil o he s are repeated every TTI.
5
!!!!!!!!!!!!!!!!!Siomina
For OFDMA-bas d netw rk, s c a LTE, h available models c n be
seen i two m jor categories. T p w r-control b se odel st y th
c mbinati of the syst configuration d the se v c a ea as a functi of
SINR distrib tion [14]. The r te-co trol bas d mode s focus on the combi-
nation of th system co figura ion and the data-ra e provisio as a func ion
of the lo d distri ution [15]. The perform nc model is hen th optim zed
s lu i n t provid t demand d dat -r te in th target area, bel w he best
mat hing sys e configurati n.
Considering the requirement of the ra e (load) based model to have an
accurate measure fo e ch cell’s capacity, in this work we present a mathemat-
ic l ethodology to c l ulate the data-rate provision for multi-u er scenari s
for e ch cell with flexibl sys em nfigura ion para e e s.
3. P oblem St te e
As mentione , the purpose of this w rk is to pr pos a met odology and
lgorith s to accur t ly estim te he DL t roughput r c pacity (C [b t/s])
f LTE systems in re listic s na i s t at considers the degradat on hat th
di↵erent overhe d mech isms pr duc .
Intui ively, user throughput increase with he number of useful RE dur-
ing a given ime inte val o inter st. This ti e nte val  t can be eith r 1
TTI or 1 frame, depending on t e proble at hand (numb r of users, file
size to be download by ny user, etc.). In thi p per we will label the total
number of useful REs (th t is, those for user d ta) uring a tim i erval  t
by using the n tation:
Overhead perc ntage
(with respect o the available REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able (all) and overhead REs wi hi the time interval  t. Superscript  t
is not superfluous sinc it ill assist us in modeling a variety of situation
wi h an unified formalism. As will be model d in this paper, s me overhead
components appear o ly once per frame while others are repeated every TTI.
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available models can be
s en in two major categories. The power-control based models study the
c bi a ion of t system configurati n and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nati n of the system configur io and the data-rate provision as a function
of the load distribution [15]. The perf rmance model is then the optimized
s lu ion to provide th demanded data-rate in the target area, below the best
matching system configuration.
Co sidering h r quirement of th rate (load) based model to have an
a cur te measure f r ach cell’s capaci y, in this work we present a mathemat-
ical methodol gy to c lculat the d ta-rate provision for multi-user scenarios
fo e ch cell with fl xible system configuration p ra eters.
3. Prob S at ent
As m ntio ed, the purp se of this work is to propose a methodology and
algo i hm t accu ately estim te the DL throughput or capacity (C [bit/s])
f LTE systems in r alistic sce arios that considers the degradation that the
di↵ rent ov r ad mechanisms produce.
Intuitively, ser throughput increases with the number of useful RE dur-
i g giv tim inter al of int est. This time interval  t can be either 1
TTI or 1 frame, dep ding on the problem at hand (number of users, file
iz b d nload by any user, e c.). In this paper we will label the total
numb of useful REs ( hat is, thos for user data during a time interval  t
by us g th o a ion:
 OFrameRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
h re A tRE, T an O tRE, T rep esent, respectively, the total number of avail-
abl (all) a d overh ad REs within the time interval  t. Superscript  t
is not superfluous since it will assist us in modeling a variety of situation
with unified formalism. As will be modeled in this paper, some overhead
componen s ap ar nly nce per frame while others are repeated every TTI.
To p oceed furth r with L E capaci y estimation it is convenient to con-
sider that not all th its are use o ransport user data but also to detect
errors (fo instance, Cyclic Redundancy Check (CRC) bits). The user data
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by using the ot i n:
  TTIRE, T(%) =
OFrameRE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T rep esent, respectively, the total number of avail-
abl (all) a d ov head REs within the time inte val  t. Superscript  t
is not superfluous since it will as ist us in modeling a variety of situation
with an unified formalism. As will be model d in this paper, some overhead
co p en s p ar nly nce per f me while others are repeated every TTI.
T p oce d furth r with L E c pacity estimation it is convenient to con-
sider that ot all th its are use o ransport user data but also to detect
errors (fo instance, Cyclic Redundancy Check (CRC) bits). The user data
5
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For OFDMA-ba d network, s ch as LTE, th available models can be
se in two ajor categ ri s. T e ower-control based mod ls study he
combi tion f th system c nfiguration and the service area as a function of
SINR distrib i n [14]. The rate-control based models focus on the combi-
nation of the sys em co figuration and the data-rate pr vision as a function
of the load distribution [15]. The performance model is hen the optimized
solution to provide he demand d data-rate in the target area, below the best
matching sys m configuration.
Consideri g the requirement of the r e (load) based model to have an
accur te measure for each cell’s cap city, in this work we present a mathemat-
ical me hodol gy to calculate the data-rate provision for multi-us r scen rios
for e ch cell with flexible system configuration par meters.
3. Probl Stat nt
As entioned, the p rpose of this work is to propose a methodology and
algorith s to ccurat ly stimate the DL throug put or capacity (C [ it/s])
of LTE sys ems in realis ic sc n rios that co side s the degradati n that he
di↵erent overhead mechanisms produce.
I tuitively, ser throughput increases with the number of useful RE dur-
i g a given time interval of inter st. Thi time interval  t can be either 1
TTI or 1 frame dep ding o e problem at and umber of users, file
size t be download by any user, etc.). In this paper we will label the total
u ber of u eful REs (that is, those f r user data) during a time interval  t
by us ng the notati n:
Bandwidth, BW (MHz)
 OTTIRE, T(%) = O
Frame
E, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
wh re A tRE, T nd O tRE, T repres nt, resp c ively, the total number of avail-
able (all) an ov rh d REs within the time int rval  t. Superscript  t
is n t perfluo s since it will assist us in modeling a variety of situation
with n unified formalism. As will be modeled in this paper, some overhead
components appear onl once per frame while others are repeated every TTI.
To proceed fur her with LTE capacity estimation it is convenient to con-
sider th t not all the bits are used to transport user data but also to detect
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ForOFDMA-basdnetwrk,suchasLTE,thavailabemdelcanbe
seeintwomajorcategoies.Thepowr-controlbasedmoelsstudye
combinationoftesystemconfigurtioandtheserviceareaasafuctonof
SINRdistribution[14].Therate-cnroaedmolocusnheombi-
nationofheysteconfigrationandtedata-rateproviinafucin
oftheloaddstribuion[15].Theefranceodelsththoptimized
solutiontoprovidethedeandddata-rateinthetargetarablowthebest
machingsystemcnfigraion.
Cnsideringthreuieetfhre(lad)basdmodeltohvean
accraemesuefahell’scapaciy,intisworkwpemahemat-
clmthodlogytcalcultthea-ratepvisionforulti-srcai
foreachcellwithflxiblesystmcnfigurationprater.
3.ProblemStatmnt
Asmentioned,thepurposefthsworkisoposeaethodlogya
algorithstoaccuratelyestimtetheDLthroughpuorcaacity(C[bit/])
ofLTEystemsinealisticscenaristhatconsirstheegrdationththe
di↵erentoverheadchanismprodue.
Intuitively,userhrughputincreasewihenberofuseflREdu-
ingagiventimeitervlofinteres.Tistimeintrval cnbithe1
TTIor1frame,depenigntheproblemathand(numberofusers,fil
sizetobeownloadyanyuser,tc.).Inthispapwwilllalthtl
numbrofusfulREs(thatis,thoeforuserdata)urngtieiterval t
byuigthttion:
Ovehercentage
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and
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reprsen,respectivly,tetotalnurfvail-
lell)adoerheREswitnheieitval t.Superpt t
stsprfluousscitwilasituinmlngavrityfsituatio
wihunfifrmais.Ailemodeldintisp,soever
cmpontappealyoncprfrmewhilorsrpteevy.
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solutionoprvidethedeandeddata-reithetargetaea,belowthebest
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Consideringtherquirementoftrate(load)basdmodeltohavean
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foreachcellwithflexiblesyemconfigratioparameters.
3.ProblemSttement
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numberofusefulREs(thatis,thoseforuerdata)dringatieinterval t
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Figu 5: Ov rhead p r e t e (%), wit re pect to A tRE, T, as a f nction f BW. Squared
sy bo s r pres nt OFr meRE, T(%)  OTTIRE, T(%)
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6.2. S sitiv y of over ead on DCI length LDCI
As a fun tio of BW...
6.3. I fl e c of Ng “PHICH G up Scaling Factor”
As a func n of BW...
6.4. S enario 1: singl user. LTE Maximum DL Data-rate
When t system is c nfigured wi h its highest parameters and all the
v ilabl re our e a e ssigne to a si gl UE which is in the best reception
onditi n , th hig st ata- te p ovision can be expected. An accurate
over ead calcul ions t at is cus omized with the system configuration, pro-
vi es u i h t e exact amount of useful resources that can be assigned for
data-trans is ion.
Considering th maximum service provision capabilities of LTE, for max
data-ra e calculation, the llowing system configuration shall be applied:
• The highest BW of 20 MHz (NRB = 100 and P = 4)
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b
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b
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b
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b
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at
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R
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b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
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d
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b
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iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
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e
d
ow
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In
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w
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ill
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m
b
er
of
useful
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at
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e
interval
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t
by
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g
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e
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:
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verh
ead
p
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e
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E
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,
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=
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ra
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e
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ra
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e
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E
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T ⇥
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t
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E
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t
R
E
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(1)
w
h
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 
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R
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T
an
dO
 
t
R
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rep
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nu
m
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able
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R
E
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S
u
p
erscrip
t
 
t
is
n
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su
p
erfl
u
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w
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u
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in
m
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g
a
variety
of
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ation
w
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an
u
n
ifi
ed
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.
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w
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e
m
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overh
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com
p
on
ents
ap
p
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on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
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rep
eated
every
T
T
I.
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Figure 14: Ov rhead p rcent ge (%) n = 1, wi h respect to the total REs, as a function
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• F n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH becomes cl arly d minant (⇡ 38%) when com-
pared to th thers.
Fig re 15 represents the p ak da a at (Mbps) as a function of BW
(MHz) p rametrize by the nu ber of transmit ing antennas, n. Consider-
ing the allow d values for q in each configuration, five cases are represented:
1) SISO, wi h n = 1a dq = 0. ) ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
q = 1. 4) ⇥ MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
the e calcula ions, Ng a be n assume Ng = 2 because of the conservative
d sign crite ia e tio ed before (since we have foun it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
wi q = 1 (two codeword ) is superior to SISO in all the BWs, however,
his is n the case when using only 1 cod word (q = 0). For i stance, for
BW = 20 MHz, the p k data ra e for SISO is ⇡ 85 MHz, which is g ater
th the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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2⇥ 2, q = 0
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Figure 14: Overhead percentage (%) n = 1, with respect to the total REs, as a function
f BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly domin nt (⇡ 38%) when com-
pared to the others.
Figure 15 represents th peak data rate (Mbps) as a function of BW
(MHz), parametrized y the number of tra smitting antennas, n. Consider-
ing the allowed value for q in each co figuration, fiv cases are represented:
1) SIS , with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
t ese calculations, Ng has b en assumed Ng = 2 because of the conservative
design c iteria mentioned b fore (since we have found it only a↵ects in X%
[REVISAR]). Figure 15 reveals that, although the use of MIMO schemes
wi h q = 1 (t o codewords) is superior to SISO in all the BWs, however,
this is no the case when using only 1 co eword (q = 0). For instan e, for
BW = 20 MHz, the pe k data rate for SISO is ⇡ 85 MHz, which is great r
th n the one of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q 0 (⇡ 77 Mbps).
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Figure 15: Lower bound (Ng = 2) of the peak data rate (Mbps) as a function of BW
(MHz), par metrize by the number o transm ti g antennas, n. Considering the allowed
values f r q in each configuration, we have represented the following five cases: 1) SISO,
with n = 1andq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. In these calculations, Ng has been assumed
to be Ng = 2.
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is clear when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
9.4. Maximum number of UE per TTI
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
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A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
increasing the number of antennae n does not imply automatically a higher
bit rate. This is cl ar when inspecting the columns with color grey (n = 1,
q = 0), yellow (n = 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasi g n reduces T . This is because of the additional reference sig al
resources that re imposed by higher order transmission antennas, as shown
in Figures 12, 13, and 14.
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The overhead odeling presented in his paper is also useful to comput
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m st not be istaken with the maximum number of users’ equipments UEs
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(MHz), parame rized by the numb r of transmitting antennas, n. Considering the allow d
values for q i ach configuration, w hav represented he following five ca s: 1) SISO,
with = 1 ndq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO wit q = 0. 5) 4⇥4 MIMO wit q = 1. In the e calculations, Ng h s b en assum d
be Ng = 2.
Ng:
A key finding in Figure 15 is that, when only 1 codeword is used (q = 0),
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bit r e. This is clear whe inspecting the columns with lor grey (n = 1,
q = 0), yell w ( 2, q = 0) and red (n = 4, q = 0). Once we set the BW,
increasing n reduces T . This is because of the additional reference signal
resources that are imposed by higher order transmission antennas, as shown
in Figu es 12, 13, and 14.
9.4. Maximum umber of UE per TTI
NTTIiUE |MAX
The o erhead modeling presen d in i paper is also u eful to compute
the m ximum nu ber of UE th t can be scheduled in each TTI. This feature
st not be mistaken with the maximum number of u ers’ equipments UEs
support d by a cell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
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6.1.InfluencnechcontasafuctioofBW
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ForOFDMA-basednetwrk,suchasLTE,theavailblemodelscnbe
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For OFDMA-bas d twork, s ch as LTE, t e availabl mo els c n be
s n in two major cat gories. Th power-control base m del s udy th
c mbinati of the syst o figura i n nd the s rvic are s a func ion f
SIN distribu ion [14]. he rate-contr l based dels fo us o the combi-
nati of the s em configur ti n and the data-rate provision as a function
f the load dist ibutio [15]. T pe form nce o el i then th opti iz d
s l tion t pr vide th demanded data-r i the t rge area, below the bes
matchi g sy em c nfiguration.
C n idering the requ ment of the rate (load) based m del to have an
accur te measure for e ch c ll’s c pacity, t is wor w pr s nt a mathema -
i l thodology to lculat th data-ra e pr visi for multi-user cena ios
for ac cell wit fl xible syste c figu ation parame rs.
3. P obl m Stat ment
As e tioned, the p rpos of this work is to pr pose a ethod lo y and
algo ith s to accurately es i ate he DL throughput or cap city (C [bit/s])
of LTE systems in re listic scenarios hat consid rs t degradation that the
di↵er nt overhead echanisms roduce.
Intu tively, us r th oughput i cre es with e number f useful RE dur-
ing a given ti e interval f in rest. This t me int rval  t can be either 1
TTI or 1 fr me, epending on he problem t and ( umber of users, fil
size to be download by ny user, tc.). I this paper we will label the total
n ber of useful REs (that is, tho e for use data) during a tim i terval  t
by using the o ation:
Overhe d percentage
wi h respect to the v ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tR , T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respec ively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 4: Maxi m nu ber of users p r TTI, pa a etriz d by Ng = 1/6, 1/2, 1, 2, as a
funct n of BW for 2⇥ 2 MIMO co figu atio with q = 1 (a) and q = 0 (b).
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for e ch cell wit fl xible syste configuration p ra rs.
3. Problem S teme t
As me tioned, the purpose f thi work is to pr pose a methodol gy and
algor thm to c urately e timat the DL th oughput or capa ity (C [bit/s])
of LTE ystems in realistic scen ri s t at c nside s t e degradatio th t he
di↵erent overhead m chanisms pr d ce.
Intuiti el , user hr ughput incr with he numb of us ful RE dur-
i g a given time interv l of interest. This time i te val  t ca be ither 1
TTI or 1 f me, d p nding e roble a ha d ( umb r of users, fil
size to be dow l ad any user, e c.). In h s p per we will label the ot l
numb of us f l REs (th t is, hose fo user d ta) duri g a time in erval  t
by using the otati n:
Ov ead ercentage
(w th res ct h available REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 1 0
U tRE, T = A RE, T  O tRE, T, (1)
wh re A tRE, T and O tRE, T r pr se , r p ctively, the t tal umber f avail-
able (all) nd ov rh ad REs wit in he time int r al  t. S perscript  t
is o superflu us sinc it ill as i t us i ling va ie y of s tua on
with an unified f rmali . As ill be m d l in this pape , some o rhead
comp nents appear o ly nce per fr e whil oth rs are repe t d every TTI.
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it
iv
el
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se
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th
ro
u
gh
p
u
t
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cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
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rv
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ca
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b
e
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th
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T
T
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or
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fr
am
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d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
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th
is
p
ap
er
w
e
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il
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la
b
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th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
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h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
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si
n
g
th
e
n
ot
at
io
n
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ra
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⇥
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R
E
,
T
an
d
O 
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R
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sp
ec
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,
th
e
to
ta
l
nu
m
b
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of
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ai
l-
ab
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(a
ll
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an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
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sc
ri
p
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 
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ot
su
p
er
fl
u
ou
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n
ce
it
w
il
l
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st
u
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in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
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p
ap
er
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so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
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o
p
ro
ce
ed
fu
rt
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er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
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er
ro
rs
(f
or
in
st
an
ce
,
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yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
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s)
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at
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ra
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S
IN
R
d
is
tr
ib
u
ti
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ra
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at
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ra
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ra
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ro
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d
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d
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b
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b
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ra
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ra
te
(l
oa
d
)
b
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h
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ForOFDMA-basdnetwork,suchasLTE,eavilablemodlscabe
seeitwajrcaterie.Thepwer-controlbasedmodelstudythe
cobiatinofthystmcnfigurtioadtserviceareaasafuctinof
SINRisribtio[14].Therate-otrolasedmodlfcusnthecomi-
figuraianhda-reproviionasafunction
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slnoprovidthedemdedta-rateinthetargeare,belowthebet
matcingytconfiguratio.
Consideigthqrenofthr(lod)basdmodelthvean
ccuratasureforeachcell’scapacty,inthisworkweprsentamathmt-
icalehodolgyocalculatetheat-rteprovionforulti-userscenarios
oreccllflexiblsystemconfigurationparameters.
3.PrblmSttmet
Amnind,thepurposeothisworkistoproposeamethodologyad
algorithmstaccuatelyestmatethDLthoughputcpaciy(C[bi/s])
fLTEsystmsinrealticscnarioshatconsidersthedegradatiothatthe
i↵erntoverhadmchnismsprduc.
Intuiively,thrugpuinrsewithtnumerofuseflREdr-
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TTIor1fr,ependingontheproblmathnd(numberofusers,file
sizetobedowladyayusr,tc.).Inthisparwwilllabelthettl
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ble(all)andoverhREswitinthtimeintevl .Superscript t
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Inuitivly,urtrogptincreaewiteumbrofsfulREdur-
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iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
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w
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m
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E
d
u
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in
g
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tim
e
interval
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T
h
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tim
e
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 
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b
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d
ep
en
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in
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th
e
p
rob
lem
at
h
an
d
(nu
m
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er
of
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e
d
ow
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m
b
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at
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interval
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t
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g
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e
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p
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rep
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nu
m
b
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E
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th
e
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p
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w
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m
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w
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an
u
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w
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b
e
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overh
ead
com
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ly
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ce
p
er
fram
e
w
h
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rep
eated
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T
T
I.
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,
T
rep
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d
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R
E
s
w
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e
tim
e
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 
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S
u
p
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 
t
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n
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p
erfl
u
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u
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g
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w
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n
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.
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p
ap
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som
e
overh
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com
p
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ents
ap
p
ear
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ly
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ce
p
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fram
e
w
h
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every
T
T
I.
T
o
p
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er
w
ith
LT
E
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acity
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it
is
conven
ient
to
con
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er
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n
ot
all
th
e
b
its
are
u
sed
to
tran
sp
ort
u
ser
d
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b
u
t
also
to
d
etect
errors
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ce,
C
yclic
R
ed
u
n
d
an
cy
C
h
eck
(C
R
C
)
b
its).
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h
e
u
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a
F
or
O
F
D
M
A
-b
ased
n
etw
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su
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LT
E
,
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e
availab
le
m
od
els
can
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e
seen
in
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o
m
a
jor
categories.
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h
e
p
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b
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m
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d
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b
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d
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e
service
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a
fu
n
ction
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S
IN
R
d
istrib
u
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[14].
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h
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b
ased
m
od
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b
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n
ation
of
th
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e
d
ata-rate
p
rovision
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fu
n
ction
of
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e
load
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u
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d
em
an
d
ed
d
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b
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F r OFDMA-ba ed ne work, s a LTE, t e v ila l m dels ca be
s en n two major ca gori s. The p wer-contr l ba e models t dy the
b nation of sys em configurati n nd t ervi e rea a fun tio of
SINR istribution [14]. T te-con r l b s d m dels f us on he combi-
nation of the syst configuratio and h d t - ate provisi n a fu ct on
of h lo d dis ributio [15]. Th perfo ce el is th n the opti ize
s lution to provid h ema ded d t - ate in th ta get are , b low he best
ma c i g system config ratio .
C si eri g t requirem n f t r e (lo d) bas model to h ve a
ccur t me s re f r eac c ll’s capa ty, in is w rk w present a ma h m t-
i l methodol gy o alcul te t e da a- ate provi ion for ulti-us r sc n ri s
for ea h ce l wi h fl xibl sys c n gurati r ers.
3. P oblem Stateme
As menti n d, h pur os of thi w rk i to p pose a eth d l gy a d
algorithms to ac rat ly s i ate t e DL th ughput or pacity (C [bit/s])
f LTE sy t ms i re l s ic sc narios that n ider t d gradation that he
di↵ nt verhead ech ni ms produc .
I tui ively, us r ro g put ncr a e wi h t e u ber f u eful RE du -
i g a give i interv l f n eres . h s ti i rval  t c n be it r 1
TTI or 1 fr me, dependi g n h probl m at nd ( umb r f us rs, fil
size to be download by ny us r, tc.). In this pa r e wil la el t e tal
umb of useful RE (t t is, t o e f r r da a) during a tim i t rval  t
by u i g h ot ion:
Overh percentage
with respe t t the av il bl R s
, BW (MHz)
 OT IRE, T(%) = O
F me
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, )
where A tRE, T and  tRE, T r prese t, respecti ely, t al umber f vai -
ble ( ll) a o e head REs wit i th i e v l  t. Super cript  t
is no su e fluous si ce t ill assist u in model ng a v riety of situ tion
with an un fi d formalis . A wil be m d l d in th s pape , ome overh
comp nts p ea o ly on p r frame whil oth r r r ated v ry TTI.
5
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For OFDMA-based network, such as LTE, the av ilable models ca be
se n in w major c teg ries. T e p wer-con rol b sed od ls stu y the
combination of the syst m configuration a d the service rea as a function of
SINR distribut on [14]. Th rat -control base models focus on the combi-
na ion of the sy tem configura ion and the d ta-rate provision s a function
of th load distrib ti n [15]. The performanc model is t en he p i iz d
solution to pr ide th demanded data-rate in t ta get are , bel w best
matchi g system onfiguratio .
Considering the r quirement of th rate (load b sed m del t ave
accurate m as r fo ea h cell’s capacity, in this w rk we p e e t a math ma -
ical met o ology to calculate th dat - ate p ovi ion for m lti-use sce arios
for each cell with flexibl syst m co figuration pa ame ers.
3. P obl Sta m
As entioned, he purpo of this work is t pr p s a me hodolo y an
al orithm t accura e y stimate e DL th ughput or pac ty (C [bit/s])
of LTE s stems i re listic scenari s t at c siders the egradation that the
di↵ere t overhe d mechanisms pr uce.
Intuitively, use thr ugh t increa es with e num er of useful RE dur-
ing a ive tim i terval of interest. T i tim i r al  t ca be ei er 1
TTI r 1 frame, dependin n h proble at and ( u ber of u er , fil
size to be dow l ad by any user, etc.). In this p per we ill label th total
numb r of useful REs (that is, those for us r d a) uring tim nt rval  t
by using the notati n:
Overh ad percen age
(with respect to the avail ble REs)
, BW (MHz)
 OTTIE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tE, , (1)
wh re A tRE, T nd O tRE, T repr sent, espectively, the total number f av il-
able (all) and ov rhead REs within t e time interval  t. Superscript  t
is not superfluous sin it ill assis us i deling v ri ty of situati
wit an unified fo malism. As will be model d in this pa r, som ov rhe
components appear only o e per fr me while th rs ar rep ated ev ry T I.
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sin
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L
T
E
M
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D
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D
ata-rate
W
h
en
th
e
system
is
con
fi
gu
red
w
ith
its
h
igh
est
p
aram
eters
an
d
all
th
e
availab
le
resou
rces
are
assign
ed
to
a
sin
gle
U
E
w
h
ich
is
in
th
e
b
est
recep
tion
con
d
ition
s,
th
e
h
igh
est
d
ata-rate
p
rovision
can
b
e
exp
ected
.
A
n
accu
rate
overh
ead
calcu
lation
s
th
at
is
cu
stom
ized
w
ith
th
e
system
con
fi
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ration
,
p
ro-
vid
es
u
s
w
ith
th
e
exact
am
ou
nt
of
u
sefu
l
resou
rces
th
at
can
b
e
assign
ed
for
d
ata-tran
sm
ission
.
C
on
sid
erin
g
th
e
m
axim
u
m
service
p
rovision
cap
ab
ilities
of
LT
E
,
for
m
ax
d
ata-rate
calcu
lation
,
th
e
follow
in
g
system
con
fi
gu
ration
sh
all
b
e
ap
p
lied
:
•
T
h
e
h
igh
est
B
W
of
20
M
H
z
(N
R
B
=
100
an
d
P
=
4)
•
T
h
e
h
igh
est
sp
atial
m
u
ltip
lexin
g
level,
im
p
lyin
g
2
cod
ew
ord
s
(q
=
1),
an
d
4⇥
4
M
IM
O
(⌦
=
4).
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p
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b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
-
in
g
th
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F r OF MA-b sed work, uch as LTE, he vailable m e s can be
seen in two m jor ca gorie . The p wer-co trol based m els study t
combin ti of the ystem co figura on nd the s vice ar a a a f ction of
SINR distribu ion [14]. T e a e- t ol base mo els fo us o the ombi-
nati n of th sy t m onfigu atio and the data-ra e pr vision as a fu ction
of the l a distributio [15]. T e perf ma e model is th th ptimized
s lution to provide the de and d da a-r te in th t rg area, below t bes
matc i g yste c figu ation.
Consid ring the requ r ent of th rate (lo d) ased mo el o ave
acc te m asu e for c cell’s ap ci y in t is w k w p es a mathe t-
ic l methodol gy to c lcul t the t -r te provisio fo multi-us r sce ri
f e ch c ll i h flexible syste c nfigur ti par m te s.
3. P obl St t nt
As me tion d, t urp s f this o k is to p pose t o ology nd
algori ms o c ur t ly s im te h DL throug p t or cap ity (C [bit/s])
f LTE syste s in alistic scenari at consid r t gr a i n tha he
di↵er nt verhe d ec anis s pro uc .
Intuitiv ly, user th ou hp t in eas s wi h t e nu ber f us ful E dur-
i g give im i terv l in rest. T is time nt rval  t an be ith
TTI or 1 fr m , dep di g n e probl at a d (number of use s, file
siz o be d w l by ny ser, c.). n this aper we will labe the total
nu b r f us ful REs (th s, ho fo use ata) during a i i erv l  t
b u i g the nota io :
Overhe d percen g
wi h re ct to the v ilabl REs
BW (MHz)
 O TIRE, T(%) O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  ORE, , (1)
whe e A tRE, T a d O tRE, T repr s nt, resp cti ely, the to al nu ber f avail-
able ll) and o erhead REs wi hi time nterval   . u rscript  
is no s rfluous si it will ist u i m el g a ari ty of si ua i n
with an unifi for alism. As ill b d l d in this pape , ome overhe
c po n s pear ly o ce per fr w il o s re repeated ev ry TTI.
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F r OFDMA-based netw rk, su h s LT , the available m dels can be
see in two m jo categori . T e pow r-control based models st dy h
co bin tio of h syst configurat on a d he servic area as a function of
SINR distrib tion [ ]. T e r te-con r l based mod ls f cus the combi-
ation of the sy t m configu ation a the data- at pr visi n as a fu tion
f the lo d distribu ion [15]. T pe fo manc model is h n he ptimized
sol tio to provide he demanded data-rate in the rget area, bel w t e b st
atchi syste configurati .
C nsidering he requirement of the rate (l d) ased mod l to have n
accu ate measu e fo each ell’s capac ty, i this work we p es nt a a h ma -
ic e hodology o cal ulat the data-rate provisio for mult -user scen rios
for ac cell it flexible system configuration par meter .
3. Pr lem Statem t
As m ntioned, he purpose of this work is to pr pos a ethodology and
algorithms to a curately est mate the L th ughput or c pacity (C [bi /s])
f LTE s st ms in ealistic sc n ri s t at consid rs th eg dation hat the
di↵e e t overhead echanisms pr duce.
Intuitiv ly, us r t roughput increa s wi he number of useful RE dur-
ing a given time i rval of interest. This ti interval  t can b ei her 1
TTI or 1 frame, dependi g n the proble a ha d ( umb r of u er , fil
size to be dow load by a y u e , etc.). In this p per w will label th total
u b r of useful REs (th t i , t ose for user d a) during time int rval  t
by si g the notati :
Over d perce tag
(with respect o the available s)
, BW (MHz)
 OT IRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tE, T, (1)
wh r A tRE, T and O tRE, repre ent, respe tively, t e total number of ava l-
a le (all) and overh ad REs wi hin th i e interval  t. Supers ript  t
is s perfluou sinc it ill ssist us in mod ling a variety of sit tion
with a nified f rmali m. As will e m del d i this p per, ome over ead
compone ts appear only once per frame while other are r peated every TTI.
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For OFDMA-b sed twork, such s LTE, th ava lable models can be
en in two majo categori s. The powe -control based models study the
c mb a on of h sy t m config r tion a d t service are as a function f
SINR dist but n [14]. Th ra e- on rol a ed mod ls fo us on t e combi-
n ti of sy te onfigu io and th ata-r te provis on as a fu ction
f t l d di ribut n [15] Th p rforma c m del i the t e ptimiz d
s lu io to rovide d ded d t -rate i he targe ar a, below the best
tc i y c figura ion
C nsi ri g t e equi m t f t e r te (lo d) ba d mod l to ave an
c ura e m sur f r ll’ y, in t is ork we presen a ath mat-
cal etho l gy t c lc t t data-rat pr vision for multi-us r sce ari s
f r e ch c ll with flexible yst configuration p ra t rs.
Pr bl St nt
As m i , th u p s f t is w rk is o propose t dology
g it s t accu ely s i te th DL h oughpu or cap c t (C [bit/ ])
f L E i eal sti s e a i s h o sid rs gr da on tha the
di↵ r v r e d c an s s p d c .
I uit v ly er ro ut i cre s s wi h h numbe of us f l RE ur-
ng g v i t val f i es . h s i t v l t an ith r 1
TI r 1 f , p d g t e r bl t nd ( umb r of us rs, file
ize b nlo d y y us r, .). I thi paper e will label the tot l
b f us ful RE ( h t s, h s f ser ta) d ri g me int rval  
by ing h tat n:
 OFrRE, T(%) = O
Fra
RE, T
AFrameRE, T
⇥ 00
U tRE T =  tE, T  O tRE, T, (1)
A RE, d  tRE, T pre nt, sp c iv ly, t to l num r o avail-
( l) d v REs w ti e i rval   . Sup rscr p  t
i p flu si i will ssi in mo el n v y of situ tio
w a u ifie fo lis . As w l b odel d hi pap r, so ov rh a
c po s p ly o e p fr w ile th r r rep a d ev y TTI.
T p f r r wi h LT c aci y e ti a i i is v n t to con
i t t ll b t r d r por us d a ut al o t d t ct
r o s (fo s a c , Cyc c R und y Ch k CRC) bi ). us r t
!!!!!!!!!!!!!!!!!S in
F r FDMA-ba d e wo k u h LTE, h avail bl models can be
i t j r ca gor e . The e -c r l bas d models tudy the
co bi tion f ys em co figura ion and t e service a as function of
SINR distr [1 ]. T e at -c nt l b sed odels focus o he c mbi-
i f th sy m c nfigur ti a d da a-r te provi io a f nct on
f t e l d d ri u i n [15]. The perf rmance l is h n t e op imized
l ti n o rov e d m nded da a-r t in he ta g a a, bel w the b st
chi y t m c nfig r io .
Co s ring qu m t of th at ( o d) base o l to av a
c r te a e f r e ch ell’ cap city, in this work pre e t m the t-
i l hod og lcula h da -r provisio f r ul i-u er sc n rio
each c ll h fl x ble yst co figu ation p m rs.
3. Pro l S n
A i , h p p se f t i w rk o prop e a do gy a d
lg i cc rat y s i at DL t r ug p t c p i y (C [bit/ ])
f T s s i lis i s n os t t o si er gr t that e
di↵ re v rh d cha i m p o u .
I iv ly, us r t r ug p i c eas i h h b r of s ful E r-
i g a ive ti in er l of i teres . Th i e interv l c n b either 1
TTI or f , de nd ng he p oblem t h nd (n mber f user , fil
ze w l ad y any ser, t .). I is p p r w will lab l the total
u b f us ful Es ( h s, thos f r us d a) duri g i e i e v  t
by g t a o :
 OTTIE, T(% = O
Fr e
RE, T
AF eE,
100
 t
E, T A tRE,  O tR , T, (1)
w r t , T
 t
RE, T pres , p iv ly, o u ber f a ail-
e ( l) ov r a RE withi h i e in v l   . Su r cr p  
is s p flu u c it ill as i us in od l g a i ty f s tu tio
wit ifi f rm lis . A w ll be mod l i t s pa er, overhea
c p n s p ly c r fra whil th s re ep ate ev y TI.
r e d u e t LTE capa ity e ti atio i s c ve ie c n-
s th ll t its are used t tra p r u r d t b t ls detect
r r (f r i s c , Cy lic R du ancy C ck (CRC) bit ). T e s r dat
5
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or OFDMA-ba d w rk, suc LTE, the vailable od ls ca b
n tw majo catego i s. T w r-co t ol based od ls udy h
c mbin i f e sys configu atio a t e vi e r as func io of
SINR t ibu i [14]. The r t - o trol bas d ode s focu n he c mbi-
n i e yste co figu i n nd t e da a- ate pr vi ion as uncti n
f th l ad di rib tion [1 ]. The perfo manc od l t en t e ti ized
l tio p ovi e h d d dat - at i h ta ge ar , below the bes
m tc i g y m o figu a io .
C si ri the r q en f the ra l ad) b sed od l t h v n
ccu a ea r for ea h cell’ ca ac i th work we p se t m t a -
ic l m h ol gy al l t h da - a rovis o f r ulti-us r scenarios
for ac cell wi fl xibl yste co fi u t a eters.
3. P oblem St
As nt d, the pu po e of his wo k is propo a m h d l gy
algori h s to cu a ly sti h DL ro ghp t or c pacity (C [ i /s])
f E sys i re isti s n ri s t t si rs th egr datio th t the
di↵ nt verh d ch is s roduce.
Intu i ly, us r hroug p c s s w t th nu be of usef l RE dur-
i g a give i e rv l f in es . T i i t al  t c n ei e 1
I or 1 f e, dep di g o h probl at h d ( r f users, fil
z b d wn d b any s r, et .). In s pape w will la l t total
nu b f us f l REs ( at is, hos f us r d a) d ring a i interv  
b h no t :
B width, BW ( Hz)
 OTTIRE, T(%) O
F m
E, T
AFra eRE, T
⇥ 00
U tRE, T = A tRE, T  O tE, T, (1)
wh e A tRE, O tRE, T epre e , r s c iv l , e ot l nu b of v il-
abl ( ll) nd ve h d REs wit n the ti e i te val  t. Superscript  t
is ot up flu s si ce t will a sist us in deli g a variety f si ua i n
wi h n u fied f r lism. As w l b o ele in t i p p , so e ov ad
c p ne a pe r nly c per f e w il others ar r pe e v ry TI.
o r d fu ther ith L E c p y ti ati n it i c nve i n o c -
si e h t ll th bi s r s o tr sport ser a b t lso t etect
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of   RS:
• F r n = 4,  ORS ⇡ 52% OPDCCH ⇡ 25%
• For = 2,   RS e u e up o 42% whil OPDCCH ris s p to
⇡ 30%
• Fo = OPDCCH b c me cl arly d mina (⇡ 38%) whe com-
r d to others.
Fig 15 epr ts the ak a a (M ps) as a function of BW
(MHz), p r e r zed y h n ber of tr smit ing ant nnas, n. Co sider-
n the llo e v l es fo q i e ch config ratio , five c se a present d:
1) SISO, with n = 1 dq = 0. 2) 2 ⇥ 2 MIMO a d q = 0. 3) 2 ⇥ 2 MIMO
n q = 1. 4) 4 ⇥ 4 MI O a q = 0. 5) 4 ⇥ 4 MIMO a q = 1. In
e alcul ons, Ng bee ssu ed Ng = 2 becau of t e c ns rv tiv
ign crit ria m tioned f re (s nce we hav f u d t o ly a↵ cts in X%
[REVISA ]). Fig r 15 eveals h t, alth ugh th se of MIMO h es
wi h q = 1 ( wo c d w r s) i superi to SISO in all e B s, h we er,
i is o the s h usi g only 1 c d (q = 0). For in anc , f r
BW 20 MHz, e p ak d a ate fo SISO i ⇡ 85 MHz, w ich is g ter
t the o of 2⇥ 2 MIMO with q 0 (⇡ 82 bps), d 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mb s).
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f  ORS:
• For 4,   RS ⇡ 52% a OPDCCH ⇡ 25%
• For n 2, ORS redu es up to 42% while OPDCCH ris s up to
⇡ 30%
• For n = 1 OPDCCH bec s l a ly dominan (⇡ 38 ) w en c m-
p r d to th the .
Figur 1 r p se h p ak da r t ( bps) as a fu c i n of BW
(M z), pa am riz d by th n mb r of ra s t ing ante n s . Consider-
g th allow d alu s fo q in ch configurati n, fi e cas r r presen ed:
1) SISO, th = 1 ndq = 0. 2) 2 ⇥ 2 MIMO and q = . 3) 2 ⇥ 2 IM
a q = 1. 4) 4 ⇥ 4 MIMO nd q = 0. 5) 4 ⇥ 4 M MO an q = 1. In
t ese calcula io s, Ng ha been assum d Ng = 2 b cause f the conser iv
n rit i m ntion d before (si e e have foun it o ly a↵ects in X%
[REVISAR]). Fig r 15 r ve ls , lt ough e u of MIMO s he
wi h q = 1 (two c d w rds) is up ior t SISO in all th BW , however,
is i o th c wh usin nly 1 co rd (q = 0). For i st n e, f r
BW = 20 MHz, he p k d a a e for SISO i ⇡ 85 MHz, w ich is g t
t o f 2⇥ 2 MIMO it q = 0 (⇡ 82 M ps), an 4⇥ 4 MIMO wit
q 0 (⇡ 77 Mbps).
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A key find g in Fi u e 15 is hat, whe only 1 cod wo d is used (q = ,
i c sing th nu er of nte n d ot ly auto tically a igh r
bit r te. T is cl ar en i specting the c l mns wit color gr y (n = 1,
q = 0), y llow ( = 2, q = 0) n red ( = 4, q = 0). On we set t e BW,
i c ing red ces T . T is be ause f t e a ditional r f r ce sign l
e u c s a re m sed by h g de tr n issi a en as, as sh
F g res 12, 1 , nd 14.
9.4. M x um um er of UE p TI
The o rh ad m deling p sented in is paper is l o usef l t compute
the aximum num er of U s t c be sch duled in a h TTI. hi fe ture
mus n e m tak wit th m numb r f ers’ equipme ts UE
suppor ed by a c l , as h active users can b schedul d in distrib ted Is.
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Fig r 15: Lower bo n (Ng = 2) f e p k d ta ate (Mbps) as a fun ti n of BW
(MHz), aram riz d by th u b r f t ansmitting t n s, n. C n dering t e allow d
valu f r q in e ch configur ion, we have repre n d he following fiv cases: 1) SISO
with = 1a dq = 0. 2) 2 ⇥ 2 MIMO ith q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIM i h q = 0. 5) 4⇥4 MIMO with q = 1. I calcula ions, Ng has b en ass m d
t N = 2.
k y fi di g in Fig r 15 i h , w ly 1 c d w rd s us d (q = 0),
cr asing he n r of a e e n o s ot i ply au o a ic lly a i h r
t . T is is cle w ns c ing th c l m s with color gr y ( 1,
q = 0), ll w (n = 2, q = 0) d re ( = 4, q = 0) Onc se h BW,
i cr i g uc T . Th s is bec u e f he add tio l f en sig al
r s rce at re mp ed b hi her o d r t a smi ion anten as, sh w
i Fig r s 2, 13, a 14.
9.4 M ximu n ber f UE p r TI
h o r d odeli g p s n d i is paper a so seful to co p e
the xi u numb r of UEs th c n b sch dul d e ch TTI. This featu e
u t b i tak w h th maxi m numb of users’ eq i nts UEs
pp r y cell, as e c iv ers c n e sc d led in di r bu ed TTIs.
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F ur 15: Lowe bo n 2 of t peak a a at ( bps) a a functi n of B
( z), p ra trized y th nu ber of trans i ting t s, . Co side ing the allow d
values f r q in ea h configuratio , we h ve represented th following five cas s: 1) SIS ,
t 1a dq 0. 2) 2 2 I th q 0. 3) 2 2 I ith q 1 4) 4 4
I wi q 0. 5) 4 4 I ith q 1. I e calculatio s, g has b en as u ed
to 2.
k findi g n ig re 15 that, nly 1 c d rd is u ed (q 0),
c a ing h u b r f t n a d ot imply ut ma c lly higher
bit r t . hi i cl a h in p cting he c l ns ith lor grey ( 1,
q 0) y ll ( 2, q 0) d red (n , q 0). nc se the ,
i cre g n r uc s T . his is be ause o h itio al ref e ce sig l
r rc t t r i p d by hi h r order a s i sion e na , a sho
i ig r s 2, 13, an 14.
9.4. xi um numb r of p T I
T v h d ling s nt d t i ap r i al u eful t comp te
h xi u nu b r h t n s h dul d i h I. is f ature
u t b istak n i the ax u nu e f u s’ equ p ents s
upp r d by a cell, s h c v sers ca sched le in d s ribu Is.
39
Fi r 15: w r bo d (N = 2 f he p k d a ra (Mbp ) s fu ction f BW
(MHz), pa etr z d by th u b r f a s itti t as, . C nsid i g th ll wed
v l s f r q each c fig r ti , we hav r re en ed e f llowi fi as : 1) SISO,
with n = 1 q = 0. 2) 2 ⇥ 2 MIMO wi q = . 3) 2 ⇥ 2 MIMO w th q = 1. 4 4 ⇥ 4
MIM w th q = 0. 5 4⇥4 IMO wit q = 1. I h se c culati s, Ng h bee s m d
to be N = 2.
g:
k y find g F gur 15 s a , w e y od w rd i u d (q = 0),
i si g h u b r of t e n do i pl auto ic lly higher
bi r . i i c r w i s ing c lu s i h olo r y ( = ,
q = 0), y l w ( = 2 q = 0) red ( = 4, q = 0). On w et t BW,
i c s g n r uc T . This be s f ad itio al f re c ig al
s u s t t p s d by he r t a s s ion ant n as, as sh w
in Figur s 12, 13, 14.
9.4. M x mum u r of U I
NTTIUE |MAX
v rhe d mo e g es in is ap is ls u f l t comp t
th ax u umb of UEs a c e sch u i e h TTI. T i f ur
st be stake w t ximu of ers’ e uip ents UEs
s pp r by ll, s h active use s c n sc edu d i istri uted TTIs.
Figur s 16, 17 and 18 sh the xi numb f U er TTI
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SINR distri i n [14]. Th t - o t ol ase m dels ocus t e combi-
nati of th syst m configu ati n a d th at -rate p ovision as functio
f the lo d dist ib ion [15]. T e p rfor c od l is th th opt m z
sol ti n to provide he em d dat -rate in e t rg t r a, b l w he best
matchi g system c nfigu t on.
C si ering t e r qui em nt of the ra e ( a ) a ed ode to hav an
acc r t m asur for e c cell’s p city, i t i work w pr sen a a hemat-
c l et odology o calcula e the da a- t p ovi on for ul i-user s n ri s
for each c ll with fl xible syst c figuration p ra er .
3. P ble Sta ment
As ntioned, th pu pos of t i ork i o pr po e a ethodol y and
lg rithms o accurately sti a the D throughput r c paci (C [bit/s]
of TE syst ms in reali tic c na ios that c s der t egradation t a t
di↵ r t overh ad mechanis s pro uc .
I tuiti ly, user r ug put inc e ses wi h the nu ber of us ful E dur-
i g giv n tim i rv f in r st. T is ti e int rval  t ca be e t 1
TTI or 1 fr me, dep ndi g o the pro l m a (n b f us r , file
size to be d w lo d by a y user, tc.). In his pa r w will la l the to al
umber of usef l REs ( h t is, thos f r us d ta) during tim i terval  t
by using th o ati :
Overhead r ntage
with r pect t the a ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A tRE, T  O tRE, T, (1)
where A tRE, T a d O tRE, T pr s t, r p c ively, the ot l u ber f vail-
ab e ( ll) and o he d Es within the time interval  t. Superscr pt  t
s no s p rfluo s sin e it will assist u in mod ng a v riety of it ati n
with an unified for alism. As w ll be model in this p p , so e ov rhead
c mpon nts ap e o ly onc per fra whi e others are rep ated every I.
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For OFDMA-b sed ne w rk, su as LTE, the available mod ls c n b
seen in tw major c teg ries. Th p w -c nt ol b s d els stu y t e
combination of the system c fi ratio and th serv ce ar a as a funct on of
SINR distribu on [14]. Th a e-c rol bas d models f cus on the co bi-
nation f th system configura i n n the dat -rate pro isi as function
of the load distribution [15]. The performanc mo l is th n the optimiz
solu ion t provide the de anded data-ra e in th targ t are , l w the best
atching sy m configur n.
Consid ri g the requirem t f the rate (load) b sed mo el to have an
acc r te m asure fo e ch l ’s apacity, i t is ork e present a mat a -
cal m thod l gy to calculate the d ta-rat rovision for u i-u r scenarios
f r ach c ll with flex ble syst m onfigu a ion aramete s.
3. Problem Stateme
As ntion , the p rpose of h s rk is to pr pos a methodology n
lgor hms to ccurat ly estimat t e DL t ro hput or cap ity (C [bi /s])
f LTE sy te in lis ic scenari s t at considers the degrad t o at he
di↵eren ov rhe d mechanisms pr duce.
Intuitively, user throughput i creases wi h h nu ber of us ful RE dur-
ing a giv n im i terval of interest. This ti e in l  t can be ith r 1
TTI or 1 frame, de nding on the p obl at han (number f users, file
iz o b downl d by a y us r, e c.). In this paper we will lab l he total
number f useful REs (that is, hose for user d a) ring a ti int rv l  t
y using t e no ation:
Ove hea p rc ntage
(with respect to t vailable RE )
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A RE, T  O tRE, T, (1)
where A tRE, T nd O tRE, T r pr s nt, r spec ively, h al number of vail-
able (all) and overhead REs within the time interv l  t. Superscript  t
is n t superfl ous sinc it ill assist us in modeling a variety of situatio
with an unified form lism. As will b model d in this paper, so e overh ad
c mpon nts appea only o ce per frame while others re repeat d v ry TTI.
5
F
igu
re
5:
O
verh
ead
p
ercentage
(%
),
w
ith
resp
ect
toA
 
t
R
E
,
T
,
as
a
fu
n
ction
of
B
W
.
S
qu
ared
sym
b
ols
rep
resents
 O
F
ra
m
e
R
E
,
T
(%
)
 O
T
T
I
R
E
,
T
(%
).
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
6.2.
S
en
sitivity
of
overhead
on
D
C
I
len
gth
L
D
C
I
A
s
a
fu
n
ction
of
B
W
...
6.3.
In
fl
uen
ce
of
N
g
“P
H
IC
H
G
roup
S
calin
g
F
actor”
A
s
a
fu
n
ction
of
B
W
...
6.4.
S
cen
ario
1:
sin
gle
user.
L
T
E
M
axim
um
D
L
D
ata-rate
W
h
en
th
e
system
is
con
fi
gu
red
w
ith
its
h
igh
est
p
aram
eters
an
d
all
th
e
availab
le
resou
rces
are
assign
ed
to
a
sin
gle
U
E
w
h
ich
is
in
th
e
b
est
recep
tion
con
d
ition
s,
th
e
h
igh
est
d
ata-rate
p
rovision
can
b
e
exp
ected
.
A
n
accu
rate
overh
ead
calcu
lation
s
th
at
is
cu
stom
ized
w
ith
th
e
system
con
fi
gu
ration
,
p
ro-
vid
es
u
s
w
ith
th
e
exact
am
ou
nt
of
u
sefu
l
resou
rces
th
at
can
b
e
assign
ed
for
d
ata-tran
sm
ission
.
C
on
sid
erin
g
th
e
m
axim
u
m
service
p
rovision
cap
ab
ilities
of
LT
E
,
for
m
ax
d
ata-rate
calcu
lation
,
th
e
follow
in
g
system
con
fi
gu
ration
sh
all
b
e
ap
p
lied
:
•
T
h
e
h
igh
est
B
W
of
20
M
H
z
(N
R
B
=
100
an
d
P
=
4)
•
T
h
e
h
igh
est
sp
atial
m
u
ltip
lexin
g
level,
im
p
lyin
g
2
cod
ew
ord
s
(q
=
1),
an
d
4⇥
4
M
IM
O
(⌦
=
4).
26
Figur5:vrdecentag(%),wiesctA
 
RE,T
,asafunctionofBW.Squared
yblsrpresntsO
Fame
RE,T
(%)O
TTI
,
(%).
O
TI
RE,
(%)=
O
Fame
RE,T
A
Fram
RE,T
⇥100
6.2.SsiiviyfvadDCIlngth
DCI
AfuctinofBW...
6.3.IflefN
g
“PHICHGrupScalgFtor”
AsfctnfBW...
6.4.Scear1:inglesr.LTEaximuDLDta-rat
Wehsycfigrwhitigspaarsadllth
vilblrusressignedtsingleUwhicisinthbetrction
coni,ightd-tprviincabepcted.Aacurat
vrhdlulshascusoizedwthsysteofigurain,pro-
vsswttxctamoofselrsuresthatcbessigndfr
a-nsissin.
CsinghemximsrvirviincpbilitisfLTE,forx
dat-lcutio,thfllwigsystmnfigurinshllbepplied:
•ThigetBWof0MHz(N
RB
10ndP=4)
26
Peak%data%rate%(Mbps)=4
=2
n=1
Fu11:Patarat(Mbp)asfuctionofBW(MHz),ndparametrizedbythe
ubofntgnns,=12,a,rspcivly.
Pakr,T(Mps)
Tsfiguesvalhfcs:
1.Inrtaigcnfiguons,forBW>5MHz,tdoi-
vradmpntsar,tgxtt,O
RS
dO
PHICH
.
36
35
0
30
0
25
0
20
0
15
0
10
0 50 0
0"10
"
20
"
30
"
40
"
50
"
60
"
1.
4"
3"
5"
10
"
15
"
20
"
O
_P
CF
IC
H
"
O
_P
H
IC
H
"
O
_P
D
CC
H
"
O
_R
S"
30
"
40
"
50
"
60
"
70
"
80
"
 O
TTI
copi
(%)=
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
P
D
C
C
H
 
OT
T
I
R
S
 
OT
T
I
P
H
IC
H
 
OT
T
I
P
C
F
IC
H
1.
4
3
5
10
15
20
0102030405060
F
ig
u
re
14
:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
)
n
=
1,
w
it
h
re
sp
ec
t
to
th
e
to
ta
l
R
E
s,
as
a
fu
n
ct
io
n
of
B
W
. o
f
 
O R
S
:
•
F
or
n
=
4,
 
O R
S
⇡
52
%
an
d
O P
D
C
C
H
⇡
25
%
•
F
or
n
=
2,
 
O R
S
re
d
u
ce
s
u
p
to
42
%
w
h
il
e
O P
D
C
C
H
ri
se
s
u
p
to
⇡
30
%
•
F
or
n
=
1
O P
D
C
C
H
b
ec
om
es
cl
ea
rl
y
d
om
in
an
t
(⇡
38
%
)
w
h
en
co
m
-
p
ar
ed
to
th
e
ot
h
er
s.
F
ig
u
re
15
re
p
re
se
nt
s
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
-
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
fi
ve
ca
se
s
ar
e
re
p
re
se
nt
ed
:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
an
d
q
=
0.
3)
2
⇥
2
M
IM
O
an
d
q
=
1.
4)
4
⇥
4
M
IM
O
an
d
q
=
0.
5)
4
⇥
4
M
IM
O
an
d
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
N
g
=
2
b
ec
au
se
of
th
e
co
n
se
rv
at
iv
e
d
es
ig
n
cr
it
er
ia
m
en
ti
on
ed
b
ef
or
e
(s
in
ce
w
e
h
av
e
fo
u
n
d
it
on
ly
a↵
ec
ts
in
X
%
[R
E
V
IS
A
R
])
.
F
ig
u
re
15
re
ve
al
s
th
at
,
al
th
ou
gh
th
e
u
se
of
M
IM
O
sc
h
em
es
w
it
h
q
=
1
(t
w
o
co
d
ew
or
d
s)
is
su
p
er
io
r
to
S
IS
O
in
al
l
th
e
B
W
s,
h
ow
ev
er
,
th
is
is
n
o
th
e
ca
se
w
h
en
u
si
n
g
on
ly
1
co
d
ew
or
d
(q
=
0)
.
F
or
in
st
an
ce
,
fo
r
B
W
=
20
M
H
z,
th
e
p
ea
k
d
at
a
ra
te
fo
r
S
IS
O
is
⇡
85
M
H
z,
w
h
ic
h
is
gr
ea
te
r
th
an
th
e
on
e
of
2
⇥
2
M
IM
O
w
it
h
q
=
0
(⇡
82
M
b
p
s)
,
an
d
4
⇥
4
M
IM
O
w
it
h
q
=
0
(⇡
77
M
b
p
s)
.
n
=
1,
q
=
0
2
⇥
2,
q
=
0
38
0"10
"
20
"
30
"
40
"
50
"
60
"
1.
4"
3"
5"
10
"
15
"
20
"
O
_P
CF
IC
H
"
O
_P
H
IC
H
"
O
_P
D
CC
H
"
O
_R
S"
30
"
40
"
50
"
60
"
70
"
80
"
 O
TTI
compi
(%)=
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
P
D
C
C
H
 
OT
T
I
R
S
 
OT
T
I
P
H
IC
H
 
OT
T
I
P
C
F
IC
H
1.
4
3
5
10
15
20
0102030405060
F
ig
u
re
14
:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
)
n
=
1,
w
it
h
re
sp
ec
t
to
th
e
to
ta
l
R
E
s,
as
a
fu
n
ct
io
n
of
B
W
. o
f
 
O R
S
:
•
F
or
n
=
4,
 
O R
S
⇡
52
%
an
d
O P
D
C
C
H
⇡
25
%
•
F
or
n
=
2,
 
O R
S
re
d
u
ce
s
u
p
to
42
%
w
h
il
e
O P
D
C
C
H
ri
se
s
u
p
to
⇡
30
%
•
F
or
n
=
1
O P
D
C
C
H
b
ec
om
es
cl
ea
rl
y
d
om
in
an
t
(⇡
38
%
)
w
h
en
co
m
-
p
ar
ed
to
th
e
ot
h
er
s.
F
ig
u
re
15
re
p
re
se
nt
s
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
-
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
fi
ve
ca
se
s
ar
e
re
p
re
se
nt
ed
:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
an
d
q
=
0.
3)
2
⇥
2
M
IM
O
an
d
q
=
1.
4)
4
⇥
4
M
IM
O
an
d
q
=
0.
5)
4
⇥
4
M
IM
O
an
d
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
N
g
=
2
b
ec
au
se
of
th
e
co
n
se
rv
at
iv
e
d
es
ig
n
cr
it
er
ia
m
en
ti
on
ed
b
ef
or
e
(s
in
ce
w
e
h
av
e
fo
u
n
d
it
on
ly
a↵
ec
ts
in
X
%
[R
E
V
IS
A
R
])
.
F
ig
u
re
15
re
ve
al
s
th
at
,
al
th
ou
gh
th
e
u
se
of
M
IM
O
sc
h
em
es
w
it
h
q
=
1
(t
w
o
co
d
ew
or
d
s)
is
su
p
er
io
r
to
S
IS
O
in
al
l
th
e
B
W
s,
h
ow
ev
er
,
th
is
is
n
o
th
e
ca
se
w
h
en
u
si
n
g
on
ly
1
co
d
ew
or
d
(q
=
0)
.
F
or
in
st
an
ce
,
fo
r
B
W
=
20
M
H
z,
th
e
p
ea
k
d
at
a
ra
te
fo
r
S
IS
O
is
⇡
85
M
H
z,
w
h
ic
h
is
gr
ea
te
r
th
an
th
e
on
e
of
2
⇥
2
M
IM
O
w
it
h
q
=
0
(⇡
82
M
b
p
s)
,
an
d
4
⇥
4
M
IM
O
w
it
h
q
=
0
(⇡
77
M
b
p
s)
.
n
=
1,
q
=
0
2
⇥
2,
q
=
0
38
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
Pkr(Mp)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
ekdatrate(Mp)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
4
⇥
4,
q
=
0
2
⇥
2,
q
=
1
4
⇥
4,
q
=
1
5"
12
"
21
"
42
"
63
"
85
"
4"
12
"
20
"
40
"
61
"
82
"
9"
23
"
39
"
79
"
12
0"
16
0"
4"
11
"
19
"
47
"
58
"
77
"
16
"
42
"
73
"
14
9"
22
6"
30
3"
0"50
"
10
0"
15
0"
20
0"
25
0"
30
0"
35
0"
1.
4"
3"
5"
10
"
15
"
20
"
n"
="
1,
"q
"=
"0
"
2"
x"
2,
"q
"=
"0
"
2"
x"
2,
"q
"=
"1
"
4"
x"
4,
"q
"=
"0
"
4"
x"
4,
"q
"=
"1
" L
T
E
B
W
(M
H
z)
Pekdatrate(bp)
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
39
F
ig
u
re
15
:
L
ow
er
b
ou
n
d
(N
g
=
2)
of
th
e
p
ea
k
d
at
a
ra
te
(M
b
p
s)
as
a
fu
n
ct
io
n
of
B
W
(M
H
z)
,
p
ar
am
et
ri
ze
d
by
th
e
nu
m
b
er
of
tr
an
sm
it
ti
n
g
an
te
n
n
as
,
n
.
C
on
si
d
er
in
g
th
e
al
lo
w
ed
va
lu
es
fo
r
q
in
ea
ch
co
n
fi
gu
ra
ti
on
,
w
e
h
av
e
re
p
re
se
nt
ed
th
e
fo
ll
ow
in
g
fi
ve
ca
se
s:
1)
S
IS
O
,
w
it
h
n
=
1a
n
dq
=
0.
2)
2
⇥
2
M
IM
O
w
it
h
q
=
0.
3)
2
⇥
2
M
IM
O
w
it
h
q
=
1.
4)
4
⇥
4
M
IM
O
w
it
h
q
=
0.
5)
4
⇥4
M
IM
O
w
it
h
q
=
1.
In
th
es
e
ca
lc
u
la
ti
on
s,
N
g
h
as
b
ee
n
as
su
m
ed
to
b
e
N
g
=
2.
M
ax
.
n
o.
of
u
se
rs
p
er
T
T
I
A
ke
y
fi
n
d
in
g
in
F
ig
u
re
15
is
th
at
,
w
h
en
on
ly
1
co
de
w
or
d
is
u
se
d
(q
=
0)
,
in
cr
ea
si
n
g
th
e
nu
m
b
er
of
an
te
n
n
ae
n
d
oe
s
n
ot
im
p
ly
au
to
m
at
ic
al
ly
a
h
ig
h
er
b
it
ra
te
.
T
h
is
is
cl
ea
r
w
h
en
in
sp
ec
ti
n
g
th
e
co
lu
m
n
s
w
it
h
co
lo
r
gr
ey
(n
=
1,
q
=
0)
,
ye
ll
ow
(n
=
2,
q
=
0)
an
d
re
d
(n
=
4,
q
=
0)
.
O
n
ce
w
e
se
t
th
e
B
W
,
in
cr
ea
si
n
g
n
re
d
u
ce
s
T.
T
h
is
is
b
ec
au
se
of
th
e
ad
d
it
io
n
al
re
fe
re
n
ce
si
gn
al
re
so
u
rc
es
th
at
ar
e
im
p
os
ed
by
h
ig
h
er
or
d
er
tr
an
sm
is
si
on
an
te
n
n
as
,
as
sh
ow
n
in
F
ig
u
re
s
12
,
13
,
an
d
14
.
9.
4.
M
ax
im
um
n
um
be
r
of
U
E
pe
r
T
T
I
N
T
T
I i
U
E
| M
A
X
T
h
e
ov
er
h
ea
d
m
od
el
in
g
p
re
se
nt
ed
in
th
is
p
ap
er
is
al
so
u
se
fu
l
to
co
m
p
u
te
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
th
at
ca
n
b
e
sc
h
ed
u
le
d
in
ea
ch
T
T
I.
T
h
is
fe
at
u
re
m
u
st
n
ot
b
e
m
is
ta
ke
n
w
it
h
th
e
m
ax
im
u
m
nu
m
b
er
of
u
se
rs
’
eq
u
ip
m
en
ts
U
E
s
su
p
p
or
te
d
by
a
ce
ll
,
as
th
e
ac
ti
ve
u
se
rs
ca
n
b
e
sc
h
ed
u
le
d
in
d
is
tr
ib
u
te
d
T
T
Is
.
F
ig
u
re
s
16
,
17
an
d
18
sh
ow
th
e
m
ax
im
u
m
nu
m
b
er
of
U
E
s
p
er
T
T
I
as
39
5" 12"
21"
42"
63"
85"
4" 12"
20"
40"
61"
82"
9"
23"
39"
79"
12 "
160"
4" 11"
19"
47" 58"
77"
16"
42"
73"
149"
226"
303"
0
50"
00"
150"
200"
250"
300"
350"
1.4" 3" 5" 10" 15" 20"
"="1, q"="0" 2"x"2,"q"="0"
2"x"2,"q"="1" 4"x"4,"q"="0"
4"x"4,"q"="1"
6 1. I flu c n a h c t a u tio of BW
For 1.4 is 31%. S is 91 ..
20 Hz i 6 . S 46%...
10#
15#
20#
25#
30#
35#
1,4# 3# 5# 10# # 20#
!!!!!!!!!!!!!!!!!Siomi
F OFDMA-based network, such as LTE, the availa le models can be
se in two major categories. The power control based models st dy the
c mbi ion of th yst m config r ti n and the service area as a function of
SINR distributi n [14]. The r te-co t ol bas d models focus on the combi-
n tion f h sy t m configur tion a d the ta-rate provision as a function
f t lo d dis ribu io [15]. The p rfor nce mod l is then the op imized
solu on t provide the emanded da -rat in the t rget area, below the best
matc i g syste c nfiguration.
o ideri g th requir ment of he rate (loa ) based mod l to have an
acc t me u e f r ch ell’s cap c y, in this work w present a ma hemat-
ical m hodol gy t c lc l te th d ta-rate provisi for multi-us s enarios
for ch ell with flexibl sys e co figuration para et rs.
3. Proble St t e t
As ntione , h pu pose of his ork is propos method logy and
algo it s to cu at l estim t the DL throughp t r capacity (C [bit/s])
f LT sys ems in li tic s a os th co side s h d g a ation th t th
di↵ r ve e m c a isms p d c .
In i vely, s r o g p t i cr ases wit nu ber of useful RE dur-
i g a give i t rv l of int r t. This i nterval   can be eith r 1
TTI 1 fra , ep ndi g n t e pr blem t hand (numbe of users, file
siz o b o n ad by a y u er, e c.). I t is paper we ill l el he total
numb of us fu REs (th t is, t ose for u r data) during a time interval  t
usi g no ti n:
 OFr eRE, (%) = O
Frame
RE, T
AFramRE, T
⇥ 100
U R , T = A tR , T    RE, T, (1)
w  tRE, T O tRE, T r p se t, r spectively, t otal nu r of avail-
ble (al ) a d v r d E w thi t e ti i rval  t. Superscript  t
is n t up flu s si it w ll ist us in od li g a variety of situatio
wi h ifie f rmalism. As il be modeled in this pa r, ome overhe d
co ap ly o c er fr m hil o hers re e at d every TTI.
To proc d f rt er w h LTE a ity esti a i it s c nveni nt o con-
ide a l he bi s ar s r sp r u er d t ut also to detect
e (f r i s a c , Cyclic u d cy Ch ck (CRC) t ). The user d ta
5
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F r OFD A-b s d twork, uc as LTE, the avail ble mo els can be
s n in t jor categ ries. The power-c ntrol based model study he
bi i n of t sys m confi u ti n and the s rvic area as function of
S NR distribution [14]. The r te-control ba d models focus on the combi-
io of the syst m config r tio the data-rat provi ion as a functio
of t lo d distribu i [15]. T perform c model is hen th optim zed
solu on to ovide t de nded data-r e i th targe a ea, below the best
m tch g sy t m config r ti .
Con id ing h r quir n of t r e (load) based odel to have an
c t s r f ch c ll’s capaci y, in t i work w pres nt a mathemat-
i a m od l y o calcu h d t -rate provision for multi-us r sc narios
for c cell w th fl xi l syst c nfigur ion a am ters.
3. P bl S at en
A ion d, t e pu p s of thi w rk s to pr pos methodol gy a d
alg i ms ccura l stim te t DL th o h u or capacity (C [bit/s])
of LTE y i alist c ri s t o side s the degrad tio hat the
di↵ ov he d c s prod c .
I tui v y, ser h o g u i creases with he nu r of u eful RE d r-
g a iv n t ter al f t r st. his ime interval  t ca b ither 1
I r fr , p ndi g n th probl m a h nd (nu ber of us rs, file
siz t be w lo by a y u r, e c.). In is p per we will label t e tot l
u b f u f R s ( at is, th se f r u r d t ) d ring time t rval  t
by g the no :
 O IRE, (%) =
Frame
RE, T
AFra eRE, T
⇥ 100
U RE, T = A tRE, T  O RE, T, ( )
her A tR , T a O tE, T rep es , e e iv ly, the o l number o avai -
abl ( l) d v r ad RE i i time in erv l   . Sup rscrip
i t p rfl o s n it ll s s i mod lin variety of si atio
ith ifie f r lis . As will be model in t is pap r, ome ove head
c p s ar o ly fram h l o he s r r at d every TTI.
To r c d furt er w th LTE cap c ty stimation i c v ent t c n-
si r h t ot all th ts are us r sp rt u er da a but als to d tect
rr rs f i sta c , Cyclic u da cy Check (CRC) bits). Th us r d ta
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For OFDMA-based n w rk, uch as L E, the availa e dels can be
seen in tw aj r c tego ies. e ow r-control b e m els study he
combin ion f th system c nfigura ion n e servi e are as a fun ti n of
SINR distrib i [14]. Th rate-con r l ba ed mod ls fo s on the com i-
n ion of e ys em co fi uration and th data-r te pr v io as a function
of th l d dist ibution [15]. T perfor ance mod l is then h optimized
solutio t provi ded data-rate in th targ t are , b low t b
atchi g sys m configura n.
C nsi eri g th equir me t of h rate (lo d) base o v an
cur m asu fo e ch ll’s cap city, in this work e present a mathe a -
ical m h d gy a cul te the ata- t pr vision for ulti-user sc n rios
f r e h cell with fl xi le syst co figur tio pa ters.
3. Prob S
A m t on d, h urpo of this ork is o propos a meth d logy and
lgorith s o c rat ly stima t DL th oughput r capacit (C [ it/s])
f LTE syst s i r li tic c na i s that consider the d gradatio that the
di↵er o rh e nisms produc .
I uitiv l , ser th ug pu incr ses ith er f useful RE dur-
i g giv n i i terval int est. T i time rv l  t ca be either 1
TTI or 1 f a e, epen i g o th proble t ha d (number o us rs, file
siz downl ad by n u er, etc.). In his p per w will label t e total
be f u ful REs ( hat is th se f r s dat ) uring a time nterval t
b us ng t no a io :
Ba dwid h, BW (MHz)
 OTTIRE, T(%) = O
Fra
RE, T
AFrameRE, T
⇥ 100
U tRE, T A tRE, T O t , (1)
here tRE, T a d O tRE, T r s nt, re pectiv ly, th tal number of av il-
abl (all) n ov rh ad RE wit in t ti i t rval  t. Sup rscrip  t
is not p fluous sinc it will ssist us in model g a vari ty f situation
ith unifi d orm lism. A will e modele in this paper, some overhead
comp n n s p ar onl once per frame w ile ers ar re e ever TI.
proce d f rthe with LTE ca acit sti tion it is con enient to con-
ide h t ll h bits use t anspor ser d t but l o detect
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b
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Figure 14: Ov rhead p rcent ge (%) n = 1, wi h esp ct t the total REs as a funct on
f BW.
f ORS:
• F r n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS re uces up to 42% while OPDCCH r s s up to
⇡ 30%
• F r = 1 OPDCC becom s l arly d minant (⇡ 38%) whe om-
pared to h th s.
Fig e 15 re r s e p ak da at (Mbps) as a function of BW
(MHz), arametriz by t e u ber of transmit ing antennas, n. Cons der-
ing h allow v lues f r q i each c figu ati n, five cas s are represented:
1) SISO, wi = 1a d = 0. ) 2 ⇥ 2 MIMO nd q = 0 3) 2 ⇥ 2 MIMO
d q 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO a d q = 1. In
th c lc la ions, Ng be n s m Ng = 2 b cause of the con erv tive
d sign cri eria me ti ned befor (sinc w ave found it only ↵ects in X%
[REVISAR]). i r 15 re eal ha , lthough he use of MIMO schemes
with q = 1 (two c de or s) is s p rior to SISO i all he B s, ho ve ,
hi i the c se hen using only 1 cod word (q = 0). Fo i s an e, f r
BW = 2 M z, the p k ra for SISO is ⇡ 85 MHz, wh ch is g ater
th n the one f 2⇥ 2 MIMO it q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q (⇡ 77 Mbps).
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Figure 14: Overhead perce tage (%) n = 1, with respect t the total REs, as a function
of BW.
of  ORS:
• For = 4,  ORS ⇡ 52% nd OPDCCH ⇡ 25%
• F r n = 2,  ORS reduces up to 42% while OPD CH rises up to
⇡ 30%
• F r n = 1 OPDCCH bec s cl rly dominant (⇡ 38%) when com-
pared to the thers.
Figur 15 r pre en s t eak data rate Mbps) as f ction of BW
(MHz), parame ized y the nu ber of tra smitting anten as, n. Consider-
ing the allowed v lu s for q in c co figuration, five c se ar epresen ed:
) SIS , with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
and q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO and q = 1. In
th se calcula ions, Ng has b en as umed Ng 2 b cause of th con rvative
d sig r teri e tion d b fore (si ce we ha e fou d it only a↵ects in X%
[REVISAR]). F gur 15 rev l tha , lt oug th use of MIMO schemes
wi h q = 1 ( o c dew r ) is s peri r to SISO in all h BWs, how ver,
t is is no t case when using ly 1 co word (q = 0). F r i s a e, for
BW = 20 MHz, th peak data rate fo SISO is ⇡ 85 MHz, ich is great r
h n t e o of 2⇥ 2 MIMO with q = 0 (⇡ 82 Mb ), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mbps).
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⇥ q = 0
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Figur 15: L w r bound (Ng = 2) of the p ak d a rate (Mbps) as a function of BW
(MHz), ar metrize by the nu ber of transmi ti g antennas, n. Considering the allowed
valu s for q in e ch c nfi ur tion, e hav represe ted the following five cases: 1) SISO,
wi = 1an q 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q = 1. 4) 4 ⇥ 4
MIMO with q = 0. 5) 4⇥4 MIMO with q = 1. I these calcul tio s, Ng has been assu ed
o b Ng = 2.
A key fin ing in Fi re 15 is that, whe only 1 odeword is used (q = 0),
incr asing th n b r of antenna does ot imply automati ally a hig er
bit rate. Th s is cl whe insp ct ng e colu s w th c lor grey (n = 1,
q = 0), y llo (n = 2, q = 0) and red (n = 4, q = ). Once we set the BW,
i c asi g reduc T . Thi is because of t e add tion l reference sig al
re ources t at r i pose by high r o der t ansmissi n a tennas, as shown
in Figur 12, 13, an 14.
9.4. Maximu mbe of UE per TTI
The ove h ad odeling p esented i this pa er is also useful to compu e
h aximum number f UEs that c n be scheduled in each TTI. T i fe ture
mus n b i taken th th aximu u b r of users’ equipme ts UEs
su or ed by a cell, s the cti e users c n be scheduled in distributed TTIs.
39
4⇥ 4, q 0
2, q 1
4⇥ 4, q = 1
5" 12"
21"
42"
63"
85"
4" 12"
20"
40"
61"
82"
9"
23"
39
79"
120"
160"
4" 11"
19"
47" 58"
77"
16"
42"
73"
149"
226"
303"
0"
50"
100"
150"
200"
250"
300"
350"
1.4" 3" 5" 10" 15" 20"
n"="1,"q"="0" 2 x"2,"q"="0"
2"x"2,"q"="1" 4"x"4,"q"="0"
4"x"4,"q"="1"
LTE BW ( Hz)
P
ea
k
d
at
a
ra
te
(M
b
p
s)
F gur 15: Low r b un (Ng = 2) f t peak dat rate (Mbps) as a function of BW
( Hz), pa a etrized by th numb r of tra s itting ant nnas, n. Consider ng th allo ed
values fo q in each configura io , we have represen d he f llowing fiv as s: 1) SISO,
with n = 1 ndq = 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO wit q 1. 4) 4 ⇥ 4
MI O w t q = 0. 5) 4⇥4 MIMO with q = 1. In the e calculations, Ng has been assumed
b Ng = 2.
A key fi di g n Figure 15 is th , whe nly 1 co eword is used (q = 0),
i creasi he numb r of te na n does ot mply aut matically a high r
bit r te. This is cl r whe insp cting the c lum s with c lo grey (n =
q = 0), yell w (n 2, q = 0 nd ed (n = 4, q = 0). O ce we se the BW
incr asi g n e uces T . s is bec use of e additio al referenc sig al
r s u ces th t re imposed y higher order transmissi nt n as, s show
i Figur s 12, 13, d 4.
9.4. M ximum number f U er I
The ver ead odeling presen d in this pap r is lso us ful to co put
th ximum nu b r of U s tha can be sc duled in ea h TTI. T i f atu
st n t be istak with he axi um numb r of users’ equipments UEs
supp r d by c ll, s e c ive user n b sch duled i distribu d TTIs.
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Figur 15: L wer b und g 2) f the p k dat rate ( bps) s a function of B
(M z), para etrized by h nu b r of a itt ng t nnas, n. Consid ri g th allo ed
va ues f r q in each c nfig rati , we have ep sented the following five s s: 1) SIS ,
it n dq 0. 2) 2 I ith q 0. 3) 2 2 I it q = 1. 4) 4 4
I i h q 0. 5) 4 4 I ith q 1. In the e calcul ti ns, g has been as u ed
t be g 2.
k y fi ding in igu e 15 is th , h n o l 1 co e or is used (q 0),
inc as h nu b of te n do s not ply aut atically a high r
b t r t . is is cle r he inspecting th c lu ns ith c lor grey ( ,
q 0) y llo ( = 2, q 0) nd red ( 4, q 0). ce e et th ,
in r sing educes T . This b c use of the diti n l r fer nce ig al
r ourc s hat a e i p s d y hi h r ord r trans ission a ten as, as sho n
i igur s 12, 13, a d 14.
9.4. xi u n ber f E pe TI
overhead odeling presented in his paper is lso useful to compute
h maxi u numb r of s th t c n be s h duled in ach I. is fe u e
ust n t is ak n ith the axi u u b r of users’ equip ents s
sup rted by a cell, s the activ users ca b sche uled in d tr buted Is.
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Figur 15: Low r bou d (Ng = 2 of th pe k d ta r t (M ) a function of BW
MHz), pa am trize y th n mb r f r nsmi ng a te n s, . Consider g th llo ed
v lue f r q i e ch co fig rat on, we hav p ented f llowi g fiv ca : 1) SISO,
wi = 1 q 0. 2) 2 ⇥ 2 MIMO with q = 0. 3) 2 ⇥ 2 MIMO with q 1. 4) 4 ⇥ 4
MIMO with = 0. 5) 4⇥4 M MO it q = 1. In hes c lcu atio s, Ng h bee a su ed
t b Ng 2.
Ng:
A k y finding i re 15 i th wh nly 1 cod w rd is us d (q = 0),
i cr s g umb r of t n n s no i p y a t ati ally a gher
b . T s i cl a e insp cti g th c lu n with ol r grey ( = 1,
q = 0), y llow ( = 2, q 0) d e ( , q 0). Once we set he BW,
nc a i g uc s T . his is because f a ditional ef re ce signal
urce t ar i s d by highe ord trans ion n ennas, s sh wn
i Fig s 12, 13, 14.
9.4. Max u r f UE per TI
NTTIiUE |MAX
T erhead o li g pre e d i is pap is also u eful to c mpute
t e aximu u b r of UE h t ca be s h ul d in ach TTI. Th feature
ust n b ist k it th xi u number of u r ’ equ p e ts UE
pp rt d by cell, as th activ use s can b sch d d distribut d TTIs.
F gure 16, 7 nd 18 sh w he x mum numb r f UEs per TTI as
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ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
lc
u
la
te
th
e
d
at
a-
ra
te
p
ro
vi
si
on
fo
r
m
u
lt
i-
u
se
r
sc
en
ar
io
s
fo
r
ea
ch
ce
ll
w
it
h
fl
ex
ib
le
sy
st
em
co
n
fi
gu
ra
ti
on
p
ar
am
et
er
s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
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io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
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h
e
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ow
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ol
b
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y
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e
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m
b
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at
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of
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e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
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h
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ra
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b
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e
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m
b
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th
e
sy
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em
co
n
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ra
ti
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an
d
th
e
d
at
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ra
te
p
ro
vi
si
on
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a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
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th
en
th
e
op
ti
m
iz
ed
so
lu
ti
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to
p
ro
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d
e
th
e
d
em
an
d
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d
at
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ra
te
in
th
e
ta
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,
b
el
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e
b
es
t
m
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ch
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g
sy
st
em
co
n
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gu
ra
ti
on
.
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av
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te
m
ea
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ce
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’s
ca
p
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it
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th
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w
or
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w
e
p
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se
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m
at
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em
at
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m
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h
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og
y
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u
la
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th
e
d
at
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!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
w
ith
resp
ect
to
th
e
availab
le
R
E
s
,
B
W
(M
H
z)
 O
T
T
I
R
E
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T
(%
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=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
is
p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
are
rep
eated
every
T
T
I.
5
!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
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ill
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th
e
total
nu
m
b
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R
E
s
(th
at
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for
u
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d
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u
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 
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u
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b
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d
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C
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R
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u
n
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an
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C
h
eck
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R
C
)
b
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e
u
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Fo OFDMA-bas d k, su a LT , ava labl dels can be
s e in tw majo cat g ri s. T p w r- nt ol s m ls s udy t
c bi ati n f e y te o figur n nd the s v ce are as a func ion f
SIN distribution [14]. e ra e-contr l b sed d ls fo s o th co bi-
natio of the y te configur t n d the data- te r v sio as a fu io
f the l a di t i u i [15]. he rforman e i he the opt
solutio t r vid th deman ed data-ra e n t e targe area, b low th bes
matchi g sy t nfigu ti n.
C n i ri g h r qui n of th r te (load) b s od l o have
ac ur te m asure for a h c ll’s pac t , in his work we res t math a -
ical ethodol gy t c lcul e the da a-r e p ovi io f m lti-user c n i
for eac c ll wit fl xi le syst c figur t on ar ters.
3. P obl m Stat n
A me tio d, he purp s of his work is o p pose a e hod l y and
algorithms to ccurately i te t e DL throughput or cap city (C [bit/s])
of LTE syste s in re listic s ari s that con der t degrad ion a h
↵er n ov rhead echanisms p oduc .
Intu ively, us r hroug put i cr a s w t the nu ber f useful RE d -
i g a given time i erval f in er s . This time i terv l   be ei her 1
TTI 1 fr m , dependi g pr bl m a ( umber user , fil
s z to e dow o by ny user, etc.). I t i p per we will label t e to al
n mber f us ul R ( h t is, those f r us r data) duri g ti e i t rval  t
by u ing th n ati n:
Overhea perce tag
ith respect to the v ilabl REs
, BW (MHz)
OTTIRE, T(%) = O
F ame
RE, T
AFramRE, T
⇥ 100
U tR , T = A tRE, T  O tRE, T, (1)
h re A tRE, T d O tRE, T epr sent, r sp c ively, the tot l u b r of avail-
abl ( ll) and o rhead REs within the time i terv l  t. Superscript  
is n t uperfluous sinc it will ss st u i model ng a variety of ituation
with a unified formalism. As ill be modele in his pape , som o h ad
c nts a pear o ly ce p r fram while oth rs are r p at d ever TI.
5
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For OFDMA-bas d n twork, su h as L E, th vaila le mod ls c n b
seen in two m jor cat gories. The p wer- o rol based od ls study th
combination of t e sys em onfiguration and t e service ar a as a func i n of
SINR distribution [14]. The ate-con o as d odel focus on t e combi-
nation of t e system config ion and the dat -rat p vi ion as func i n
of the lo d distribution [15]. T p rformanc mod l is t en the o timi ed
solution to pr vide the d manded data-rat i t targ t a , belo th b st
match ng s tem configuratio .
Con i i g t e requir men f he ra (load) bas d model t hav n
accurat easure fo eac cell’s apa it , in this wo k we pre e t a m t emat-
ical me h d log o calculat the da a-r te provisio for multi-user sc ario
fo eac ell ith flex ble sys m co figuration para et rs.
3. Pro lem State e t
As e tioned, the purpose of this wo k is o r pose a m thodology and
algorithm o a curat ly e timat the DL through u or capacity (C [bit/s])
of LTE sy tems in eal stic sce ari s t at considers the de radatio that t e
di↵ rent overhead mechan sms pr uce.
I tuitively, user th oughput increas wit h nu ber f useful RE dur-
ing a giv n time interval of interest. This time interval  t can be either 1
T I or 1 fra , d pen ing on the roble at h d (number of us rs, fil
siz t b d wnlo d by any user, e c.). In this paper w will lab l he total
umber of useful REs (tha is, those for se d ta) during a time interval  
by us g h n a ion:
Overhead percentage
(with respect to the ava l ble REs)
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tR , T = A RE, T  O tRE, T, (1)
wher A tRE, T and O tRE, T repre ent, respectively, he total nu be of avail-
ble ( ll) and ov rhead REs wit in he ti int v l  t. Supe c ip  t
is not superfluous si c it ill s ist us n modeling a vari ty of sit tion
ith an unifie formalism. As will be model d in this pa er, som ov rhead
co p ent ap e r only once per frame while oth rs are epea ed every TTI.
5
F
igu
re
5:
O
verh
ead
p
ercentage
(%
),
w
ith
resp
ect
toA
 
t
R
E
,
T
,
as
a
fu
n
ction
of
B
W
.
S
qu
ared
sym
b
ols
rep
resents
 O
F
ra
m
e
R
E
,
T
(%
)
 O
T
T
I
R
E
,
T
(%
).
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
6.2.
S
en
sitivity
of
overhead
on
D
C
I
len
gth
L
D
C
I
A
s
a
fu
n
ction
of
B
W
...
6.3.
In
fl
uen
ce
of
N
g
“P
H
IC
H
G
roup
S
calin
g
F
actor”
A
s
a
fu
n
ction
of
B
W
...
6.4.
S
cen
ario
1:
sin
gle
user.
L
T
E
M
axim
um
D
L
D
ata-rate
W
h
en
th
e
system
is
con
fi
gu
red
w
ith
its
h
igh
est
p
aram
eters
an
d
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b
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d
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p
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Fig r 4: M x r of u ers p TTI, a a etriz b Ng = 1/6, 1/2, 1, 2, a
f c f BW for 2⇥ 2 MIMO co fig ti w q = 1 ( ) q = 0 (b)
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!!!!!!!!!!!!!!!!!Siomina
For OFDMA-based network, such as LTE, the available mo els can be
se n in t o majo categories. The power-co trol based models study the
mbi ation of the sy tem configuration and the service area as a functi of
SINR distr bution [14]. Th rate-control based models focus on he combi-
nation of he system configuration and the d ta-rate provision as a function
of t e load distribu ion [15]. he pe formance model is then t e optimized
solut t provid th demanded data-rate n the target area, below the best
matching sys m configurat on.
Considering the requir ment of th rate (load) based model to have an
curate measure for e ch cell’s capaci y, in this work w present a mathemat-
ic l methodology to ca culate the data-rate pr vision for multi-user scenarios
for eac cell with flexible syste configur ti n paramete s.
3. Pr blem S m n
A m n ioned, t e purpos of this work is to propose a me dology and
lgori hms to accura ely s im te the DL throughput or capacity (C [b t/s]
f LTE s stems in realis ic scen ios th t c siders th degradation that the
i↵ rent v head ec anis s pr uce.
Intui ively, user thro ghp t i creases wi h the number of useful RE dur-
i g give i e i te v l of interest. This ti e interva  t can be ither 1
T I or 1 fr e, d nding on h probl m at hand (number of users, file
siz to be dow lo d y ny u er, etc.). In thi pap r e will l l he total
umbe of sefu RE (th t i , hose f r us r d t ) dur ng a time in rval  t
by u i g th t t n:
 OFr m, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U RE, T = A tRE, T  O RE, T, (1)
h A tRE, T a O tRE, T r p s n , e pectiv ly, th tot l nu b of vail-
bl ( ll ve e d RE wi hi he tim i ter al  t. Supers ipt  
s t p rflu us i e i will assi u in mo eling v rie y of s u tion
wi h an u fi d f alism. As will b d l in t is paper, so overhead
c o s a r o y c per f ame le others ar e d every TI.
c d f r wit L E c p ci y i ati it co ve ient con-
s d at ot ll h t r u d tr p d t al o to d ct
rr rs (f ins c , C clic du a y C ck (CRC) bits . Th us r a
5
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For OFDMA-based netw rk, such as LTE, the available mo els c n be
een in two major cat gori s. The p wer-co trol based odels study the
combina i n of the syste configuration and th s rvice area as a functi of
SINR distribut on [14]. The te-c ntrol based models focus on the com i-
nati n of the system configuratio and the d ta-rate provision as a function
of the load distributio [15]. T e pe fo mance model is then the optimized
solutio to provi e th demand d d ta-rat in the targ t rea, below he bes
m tching sy tem c nfiguration.
Considering the equi ement of the rate (load) ba ed odel t have an
accurate asure f r each c ll’s apa ity, in this work w present a mathemat-
ical m t odology t calcul te he da a-r te pr v si fo multi-us r s e arios
for ea h cell with fl xibl syst m configu ati n param ters.
3. Probl m St t ent
A m ione , th pur o e f his work is to propose a me odology and
lgori h s o ccura ly e imat the DL hroughput r cap city ( [b t/s])
f L E ys e s in real stic sc os at c nsid rs t e degra ti n tha the
di↵ o erh d e ha isms pr duce.
I ui iv ly, us r hroughp incr as s w th the n mber of useful RE dur-
i g giv n ti v l of i r st. hi i int rv l  t ca be it er 1
TI or f ame, d n i g on th prob e at an (number of users, file
s z to e w by a us r, tc.). In this p p r w will la l the t tal
b r f s f l R s ( at is, ose or us at ) uri g im inter al  t
y i g e ati :
OTTIRE, T(%) = O
me
RE, T
Fr me
RE, T
⇥ 100
U tRE = A tRE, T  O tRE, T, (1)
w r A tRE, a O tRE, T r prese , sp tiv ly, h total num r f avail-
bl ( l) v Es i i t tim int rv l   . Su rscri  t
is s p rfl s i will a d l ng variety f u i n
it un fi d f rm li m. A ll o le i h s p p , som er e d
c t pp a ly o c p fra w l th s re re ed e ry T I.
p c f wi h L ca ci y s imati n it is conven to n-
sid s ar s t tra o u e at u l to t
r (f r s nc , C cl c R u d ncy ck C C) bits). T u e data
!!!!!!!!!!!!!!!!!Siomina
F r OFDMA-based network, such as L E, the available models can b
seen in t major c t gories. The ower-con rol bas d mod ls study h
combination of h system co figura ion and the serv ce area as a fu c ion of
SINR istribution [14]. The rate-co trol based models focus on the c mbi-
ation of he system configuration and th data-rate pr v sion as a function
of the lo d d s ribution [15]. he erform nce model is n the optimized
solutio o provid the demanded data-rate in the target area, below the best
matching yst m configuration.
Consideri g t e req ement of he rate (load) ased mo el to have an
accurate measure f r ach cell’s capacity, i his work we pres nt a ma h m t-
ical m t odolog o c lculate h d ta-ra e pr v sion f r multi-user scenarios
f r ach c ll w h flexible syst configu ati n p ram t s.
3. P o m S e en
A n io ed, the p pos of this work is to propose a me ho l gy a d
algorithms to acc r t ly estima e the DL throughput or c acity (C [ i /s])
of L E syst m i li tic cenar o th t co iders th d gradation th the
di↵er t ove h ad m ch ni pr duc .
Intuitivel , s r t roug t incr es with h um r u efu RE d r-
i g a gi i nterv l of i t rest. This tim i erval  t ca be ei r
T I o f a e, ep di g on t e p blem a h nd (number o users, fil
siz o be do l d by y u e , et .). In this pap r w will la el the total
u b r of seful REs (th t i , t os or ser dat ) during time int rval  t
b g th n t n:
Ba dth, BW (MHz)
 OTTIRE, (%) = O
Frame
E,
AF amRE, T
⇥ 0
U tR , T = A tRE, T  tR , , (1)
w er A RE, T d ORE, T pr t, r s c vely, h tot l umb r of av il-
abl ( ll) v r d RE it i th m nt val  t. S p rscript  
i t s p rflu u si ce it will ssis in m d ling variety f situ tio
with an ifi d f r lis . s will od l d in i p , so overh
c nts app r y ce p r fr m w ile th r a e at d v y TTI.
T r c d f rt er wi LTE capaci y es i tio i is co v n n t c n-
d ha ll e bit re us to t a t a a b t also o de ct
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s.
3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
er
ro
rs
(f
or
in
st
an
ce
,
C
yc
li
c
R
ed
u
n
d
an
cy
C
h
ec
k
(C
R
C
)
b
it
s)
.
T
h
e
u
se
r
d
at
a
5
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!S
io
m
in
a
F
or
O
F
D
M
A
-b
as
ed
n
et
w
or
k,
su
ch
as
LT
E
,
th
e
av
ai
la
b
le
m
od
el
s
ca
n
b
e
se
en
in
tw
o
m
a
jo
r
ca
te
go
ri
es
.
T
h
e
p
ow
er
-c
on
tr
ol
b
as
ed
m
od
el
s
st
u
d
y
th
e
co
m
b
in
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
se
rv
ic
e
ar
ea
as
a
fu
n
ct
io
n
of
S
IN
R
d
is
tr
ib
u
ti
on
[1
4]
.
T
h
e
ra
te
-c
on
tr
ol
b
as
ed
m
od
el
s
fo
cu
s
on
th
e
co
m
b
i-
n
at
io
n
of
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
an
d
th
e
d
at
a-
ra
te
p
ro
vi
si
on
as
a
fu
n
ct
io
n
of
th
e
lo
ad
d
is
tr
ib
u
ti
on
[1
5]
.
T
h
e
p
er
fo
rm
an
ce
m
od
el
is
th
en
th
e
op
ti
m
iz
ed
so
lu
ti
on
to
p
ro
vi
d
e
th
e
d
em
an
d
ed
d
at
a-
ra
te
in
th
e
ta
rg
et
ar
ea
,
b
el
ow
th
e
b
es
t
m
at
ch
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
.
C
on
si
d
er
in
g
th
e
re
qu
ir
em
en
t
of
th
e
ra
te
(l
oa
d
)
b
as
ed
m
od
el
to
h
av
e
an
ac
cu
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te
m
ea
su
re
fo
r
ea
ch
ce
ll
’s
ca
p
ac
it
y,
in
th
is
w
or
k
w
e
p
re
se
nt
a
m
at
h
em
at
-
ic
al
m
et
h
od
ol
og
y
to
ca
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u
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th
e
d
at
a-
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te
p
ro
vi
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r
m
u
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se
r
sc
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ar
io
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ea
ch
ce
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w
it
h
fl
ex
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co
n
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gu
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ti
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p
ar
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et
er
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3
.
P
ro
b
le
m
S
ta
te
m
en
t
A
s
m
en
ti
on
ed
,
th
e
p
u
rp
os
e
of
th
is
w
or
k
is
to
p
ro
p
os
e
a
m
et
h
od
ol
og
y
an
d
al
go
ri
th
m
s
to
ac
cu
ra
te
ly
es
ti
m
at
e
th
e
D
L
th
ro
u
gh
p
u
t
or
ca
p
ac
it
y
(C
[b
it
/s
])
of
LT
E
sy
st
em
s
in
re
al
is
ti
c
sc
en
ar
io
s
th
at
co
n
si
d
er
s
th
e
d
eg
ra
d
at
io
n
th
at
th
e
d
i↵
er
en
t
ov
er
h
ea
d
m
ec
h
an
is
m
s
p
ro
d
u
ce
.
In
tu
it
iv
el
y,
u
se
r
th
ro
u
gh
p
u
t
in
cr
ea
se
s
w
it
h
th
e
nu
m
b
er
of
us
ef
ul
R
E
d
u
r-
in
g
a
gi
ve
n
ti
m
e
in
te
rv
al
of
in
te
re
st
.
T
h
is
ti
m
e
in
te
rv
al
 
t
ca
n
b
e
ei
th
er
1
T
T
I
or
1
fr
am
e,
d
ep
en
d
in
g
on
th
e
p
ro
b
le
m
at
h
an
d
(n
u
m
b
er
of
u
se
rs
,
fi
le
si
ze
to
b
e
d
ow
n
lo
ad
by
an
y
u
se
r,
et
c.
).
In
th
is
p
ap
er
w
e
w
il
l
la
b
el
th
e
to
ta
l
nu
m
b
er
of
us
ef
ul
R
E
s
(t
h
at
is
,
th
os
e
fo
r
u
se
r
d
at
a)
d
u
ri
n
g
a
ti
m
e
in
te
rv
al
 
t
by
u
si
n
g
th
e
n
ot
at
io
n
:
B
an
d
w
id
th
,
B
W
(M
H
z)
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
U 
t
R
E
,
T
=
A 
t
R
E
,
T
 
O 
t
R
E
,
T
,
(1
)
w
h
er
e
A 
t
R
E
,
T
an
d
O 
t
R
E
,
T
re
p
re
se
nt
,
re
sp
ec
ti
ve
ly
,
th
e
to
ta
l
nu
m
b
er
of
av
ai
l-
ab
le
(a
ll
)
an
d
ov
er
he
ad
R
E
s
w
it
h
in
th
e
ti
m
e
in
te
rv
al
 
t.
S
u
p
er
sc
ri
p
t
 
t
is
n
ot
su
p
er
fl
u
ou
s
si
n
ce
it
w
il
l
as
si
st
u
s
in
m
od
el
in
g
a
va
ri
et
y
of
si
tu
at
io
n
w
it
h
an
u
n
ifi
ed
fo
rm
al
is
m
.
A
s
w
il
l
b
e
m
od
el
ed
in
th
is
p
ap
er
,
so
m
e
ov
er
h
ea
d
co
m
p
on
en
ts
ap
p
ea
r
on
ly
on
ce
p
er
fr
am
e
w
h
il
e
ot
h
er
s
ar
e
re
p
ea
te
d
ev
er
y
T
T
I.
T
o
p
ro
ce
ed
fu
rt
h
er
w
it
h
LT
E
ca
p
ac
it
y
es
ti
m
at
io
n
it
is
co
nv
en
ie
nt
to
co
n
-
si
d
er
th
at
n
ot
al
l
th
e
b
it
s
ar
e
u
se
d
to
tr
an
sp
or
t
u
se
r
d
at
a
b
u
t
al
so
to
d
et
ec
t
5
61IflechmpetfnctofBW
Fr1.4i31%.RSis91%...
Fo20MHzi16%.RSis46%...
10#
15#
20#
25#
30#
35#
1,4#3#5#10#15#20#
!!!!!!!!!!!!!!!!!Simia
FrOFDMA-snetwor,ucasLTE,thvilablodelcanb
swoajorcgies.Thepowr-conrolbasdmdlstdythe
mbintionfthesysemcofigutinanteviceaeaasfnctionf
SINRdsiut[1].hra-corlbsdodelfosotecmb-
oofeytmcofigratinatha-raepoviionasafcto
fhloddstbu[15].Thprfrmnceodlsthenthopimizd
solutntpvidemedata-rnergtare,belotbes
mchigsysofigrtin.
Cosidrighqirmentotrt(lo)basemodltoaean
accuremasforachcll’scapcity,inhisworkwepstamahemt-
iclmetdlgytolculatethdt-atprovsionfomulti-uescarios
allwihflxiblesyecofigurioparmers.
3.PblStat
Asmnioned,tpurposofhiswristoproposeaethodologynd
lgorithmstccuratelystiathDLhroughputorcpacity(C[bit/s])
ofLTEsytmsinelisticscenaristatnsideredegdatonhtthe
di↵ertoverhadchnismpduc.
Intuiively,usertrougputinreasswttheumberfefulREdur
ingagiventimintrvalofinerest.Thistiminterval tcanbeeithr1
TTIr1frme,dendingthproblemahand(numbrofusers,file
szetodwnladbyayuse,etc.).Ithisaperwewlllbelthetoal
numberofuseulREs(thatsthoefurdat)durngaimeintervl t
bsinthntatio:
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RE,T
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RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
R,T
,(1)
wereA
 t
RE,T
anO
 t
RE,T
repst,repcvely,thetotalumberofavil-
able(all)ndvrheREsihineimeintervl t.Superscript t
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3.PoblSt
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githmsocratlysimtthDLhougpuocapacity(C[bi/s])
ofLTEsysemsinrelticsenariostonsidsthegraaithate
d↵rovrhedmchanmsprdu.
Intuily,userthrohpuicreaswithnumbrofsefulREdur-
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urfuseflRs(ati,thseforsdat)urgatimeinterval t
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SINRdistributi[14].Thre-contolbsodelsfcunthcombi-
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fochcllwihflxiblesystemcfigurtinpameters.
3.PrblmSnt
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ofLTsyesirealiiccenisthtcsidrsedegradationthatthe
di↵erentoverhadmchanissprduce.
Itiivly,srthroughptinreaseswiththnumerfusfulREdur-
ingagiventimintrvlofinteret.Thistimeintrval tcnbeether1
TTIor1fame,dpedingontheproblemathad(nuberofuers,file
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 O
TTI
RE,T
(%)=
O
Frame
RE,T
A
Fram
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
wherA
 t
RE,T
adO
 t
RE,T
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withanunifiedforlism.Aswillbemdeledinthispaper,someoverhead
cmpontsappearonlyoceperfrewhileothersrerpatedveryTTI.
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5
!!!!!!!!!!!!!!!!!S
iom
in
a
F
or
O
F
D
M
A
-b
ased
n
etw
ork,
su
ch
as
LT
E
,
th
e
availab
le
m
od
els
can
b
e
seen
in
tw
o
m
a
jor
categories.
T
h
e
p
ow
er-control
b
ased
m
od
els
stu
d
y
th
e
com
b
in
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
service
area
as
a
fu
n
ction
of
S
IN
R
d
istrib
u
tion
[14].
T
h
e
rate-control
b
ased
m
od
els
focu
s
on
th
e
com
b
i-
n
ation
of
th
e
system
con
fi
gu
ration
an
d
th
e
d
ata-rate
p
rovision
as
a
fu
n
ction
of
th
e
load
d
istrib
u
tion
[15].
T
h
e
p
erform
an
ce
m
od
el
is
th
en
th
e
op
tim
ized
solu
tion
to
p
rovid
e
th
e
d
em
an
d
ed
d
ata-rate
in
th
e
target
area,
b
elow
th
e
b
est
m
atch
in
g
system
con
fi
gu
ration
.
C
on
sid
erin
g
th
e
requ
irem
ent
of
th
e
rate
(load
)
b
ased
m
od
el
to
h
ave
an
accu
rate
m
easu
re
for
each
cell’s
cap
acity,in
th
is
w
ork
w
e
p
resent
a
m
ath
em
at-
ical
m
eth
od
ology
to
calcu
late
th
e
d
ata-rate
p
rovision
for
m
u
lti-u
ser
scen
arios
for
each
cell
w
ith
fl
exib
le
system
con
fi
gu
ration
p
aram
eters.
3
.
P
ro
b
lem
S
ta
tem
en
t
A
s
m
ention
ed
,
th
e
p
u
rp
ose
of
th
is
w
ork
is
to
p
rop
ose
a
m
eth
od
ology
an
d
algorith
m
s
to
accu
rately
estim
ate
th
e
D
L
th
rou
gh
p
u
t
or
cap
acity
(C
[b
it/s])
of
LT
E
system
s
in
realistic
scen
arios
th
at
con
sid
ers
th
e
d
egrad
ation
th
at
th
e
d
i↵
erent
overh
ead
m
ech
an
ism
s
p
rod
u
ce.
Intu
itively,
u
ser
th
rou
gh
p
u
t
in
creases
w
ith
th
e
nu
m
b
er
of
useful
R
E
d
u
r-
in
g
a
given
tim
e
interval
of
interest.
T
h
is
tim
e
interval
 
t
can
b
e
eith
er
1
T
T
I
or
1
fram
e,
d
ep
en
d
in
g
on
th
e
p
rob
lem
at
h
an
d
(nu
m
b
er
of
u
sers,
fi
le
size
to
b
e
d
ow
n
load
by
any
u
ser,
etc.).
In
th
is
p
ap
er
w
e
w
ill
lab
el
th
e
total
nu
m
b
er
of
useful
R
E
s
(th
at
is,
th
ose
for
u
ser
d
ata)
d
u
rin
g
a
tim
e
interval
 
t
by
u
sin
g
th
e
n
otation
:
O
verh
ead
p
ercentage
w
ith
resp
ect
to
th
e
availab
le
R
E
s
,
B
W
(M
H
z)
 O
T
T
I
R
E
,
T
(%
)
=
O
F
ra
m
e
R
E
,
T
A
F
ra
m
e
R
E
,
T ⇥
100
U
 
t
R
E
,
T
=
A
 
t
R
E
,
T  
O
 
t
R
E
,
T
,
(1)
w
h
ereA
 
t
R
E
,
T
an
dO
 
t
R
E
,
T
rep
resent,
resp
ectively,
th
e
total
nu
m
b
er
of
avail-
able
(all)
an
d
overhead
R
E
s
w
ith
in
th
e
tim
e
interval
 
t.
S
u
p
erscrip
t
 
t
is
n
ot
su
p
erfl
u
ou
s
sin
ce
it
w
ill
assist
u
s
in
m
od
elin
g
a
variety
of
situ
ation
w
ith
an
u
n
ifi
ed
form
alism
.
A
s
w
ill
b
e
m
od
eled
in
th
is
p
ap
er,
som
e
overh
ead
com
p
on
ents
ap
p
ear
on
ly
on
ce
p
er
fram
e
w
h
ile
oth
ers
are
rep
eated
every
T
T
I.
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•ThehghstBWf20MHz(N
RB
=100andP=4)
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and4⇥4MIMO(⌦=4).
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Figure 14: Overhead p rcent ge (%) n = 1, with respect t the total REs, as a functi n
of BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• F r n = 2,  ORS educes up to 42% while OPDCCH rises up to
⇡ 30%
• F r n = 1 OPDCCH be omes cl arly d minant (⇡ 38%) when com-
pared to th o hers.
Figur 15 represents th peak d at (Mbps) as a functi n f BW
(MHz), parametrized by th nu be of transmit ing antennas, n. Consider-
ing the allowed values fo q n each configuration, five c s s are represe ted:
1) SIS , with = dq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
nd q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO In
the e calculatio s, Ng as be n ssu ed Ng = 2 b caus of e con ervative
desi criteria me tio ed before (sinc we h ve found it only ↵ects X%
[REVISAR]). Figure 15 rev a s h t, although the us of MIMO schem s
with q = 1 ( code ords) s supe io to SIS in ll the BWs, however,
h s o t e case w n using only 1 codewo d (q = 0). For i sta ce, for
BW = 20 MHz, t e p ak data at f r SISO i 85 , w ich is gr ate
n the o e of 2⇥ 2 MIMO wi h q = 0 (⇡ 82 Mbp ), nd 4⇥ 4 MIMO wi
q = 0 (⇡ 77 Mb s).
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Figur 14: Ov rh ad rcentage (%) n = 1, with respect to th total REs, as a function
f BW.
of  ORS:
• For n = 4,  ORS ⇡ 52% and OPDCCH ⇡ 25%
• For n = 2,  ORS reduces up to 42% while OPDCCH rises up to
⇡ 30%
• For n = 1 OPDCCH bec es clearly dominant (⇡ 38%) when com-
pare to the others.
Figure 15 represents th peak data rate (Mbps) as a fu ction of BW
(MHz), parametrized b he number of tr smi ting antenn s, n. Consider-
i g th a lowed value for q in ach co figuration, five cases are epresented:
) SISO with n = 1andq = 0. 2) 2 ⇥ 2 MIMO and q = 0. 3) 2 ⇥ 2 MIMO
a d q = 1. 4) 4 ⇥ 4 MIMO and q = 0. 5) 4 ⇥ 4 MIMO a d q = 1. In
these calculations, Ng has b en assumed Ng = 2 because of the conservative
d ign criteria mentioned before (since we hav found it only a↵ects i X%
[REVISAR]). Figure 15 r veals that, although e u e f MIMO schemes
wi h q 1 (two codewo d ) is superio to SISO in all the BWs, however,
his is no he c se w en sing only 1 c d wor (q = 0). For ins n , for
BW = 20 MHz, the peak da a rate for SISO is ⇡ 85 MHz, which is great r
th n the on of 2⇥ 2 MIM with q = 0 (⇡ 82 Mbps), and 4⇥ 4 MIMO with
q = 0 (⇡ 77 Mb s).
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F gure 15: Low r o nd (Ng = 2) of th p ak d a a e (M ps) a a f n tion BW
(MHz), pa e riz b e mber of a it i g ant nn s, n. Co sid ring th all wed
v lu s fo q e ch c nfigura i n, e hav repre ent d th followi g five cas s: 1) SISO,
wit n 1a dq = 0. 2) 2 ⇥ 2 MIMO ith q = 0. 3) 2 ⇥ MI O it q = 1. 4) 4 ⇥ 4
MI O i h q = 0. 5) 4⇥4 MIMO with q = 1. In hese calc l ions, Ng has e n assu e
t e Ng 2.
A k y fi i g in Fi e 15 is hat, whe only 1 dew rd us d (q = 0),
in s t e b r of t n d es no i ply au matically a hi
r . Thi is cl ar i spe ti g t olu s with ol r gr y (n = 1,
q = 0), y ll w (n 2, q = 0) d re (n = 4, q = 0). On e w the BW,
in re si uces . Thi is use of addition l r f e sig al
esour es t ar imposed by ghe order ra smis io an enn s, s sho n
in F gu s 12, 13, a d 14.
9.4. Maximu be of UE p r TI
e overh a modeling prese d i thi aper is al o useful compute
e m x m nu ber f UEs h c b s hed d i a TTI. i f ur
us b mis ake w t e maxi m n mber us s’ quip n s UEs
su p t d by ell, a ive us r be sch d l d in distrib ted TTIs.
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F g e 15: Lo r bou d ( g = ) of he ak da r t (M ps) as a fun io of BW
(M z), rized by th ber f tr smitti g a t na , n. Consideri g the ll wed
v l e f q in e c o fi i , w h v repr s t e foll wi g fi case : 1) SISO,
it n = 1 ndq = 0. 2) 2 ⇥ 2 IMO wi h q = 0. 3) 2 ⇥ 2 IMO th q = 1. 4) 4 ⇥ 4
MIMO th q = 0. 5) ⇥4 MIMO with q = 1. In the e c l latio s, Ng a b n as u ed
t Ng = 2.
A k y fi i Fig 15 t a , hen nly 1 co word is s (q = 0 ,
n r g u b f nt n a n d s ot i ly ut m ic lly a g r
b r . T is i wh ct g th co ns with col r g ey ( = 1,
q = 0), yell w ( = 2, q = 0) a d red (n 4, q = 0). O c w s h BW,
ncr sing n r uc s T . This i caus f h addition r f nc sig l
sourc s th t r m o d by i order tr ns issi an e na , sho
i F gu es 2 3, nd 14.
9. . Maxi b f UE p TTI
T e ov h a o l prese t in this p p r i l u ful t com te
he xi u n be f Es t c sc duled ach TTI. This fe re
m t n b is ak w ximum umber of us r ’ p ents UEs
por by c ll, s e ac v s r c n b h d l i di tri t d TTIs.
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Fig r 15: L w b u d Ng 2) f t e pe k dat ate ( bps) as a functio f B
( z), p ra triz d by t nu b r f t s itt ng a e nas, n. Con id i g the llow d
v lu s fo q i ch fi rati w have repr en e t e following five cases: 1) SIS ,
it n 1 dq 0. 2) 2 2 MI ith q 0. 3) 2 2 MI it q 1. 4) 4
I wit q 0. 5) I ith q 1. In t e e c l la io s, g h b en assum d
t b 2.
k y fi i i r 15 i hat, he o ly 1 c de ord is u d (q 0)
i c si g b r f n e a d s not i ly uto tic lly a hig r
bit r e. hi s l ar h pecti g th col n ith c l r y (n 1,
q 0), y ll ( 2, q 0) red ( = 4, q 0). ce s t th ,
n si g e uc s T his is ecause f th additi n l ref c ig al
urce t r i p sed by ghe er tra smis nt nn , as show
i ig s , 13, 4.
9.4. xi m b r per I
ve mod lin pr ted in th s pa r s so u eful to co pu
h x be U t ca e sc u d i ch I. his f e
t n be ak i h th xi u u be f ser ’ eq e s s
po d by a c ll, ct v s r ca b s h d l i di t ut d Is.
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Figur 5: L u d (Ng = 2 of th pe k d a r t (Mbps) f ncti n of BW
(MHz , p r m trized by u b r of an i ing n n s, n. C ideri g e ll
v lu for e c o fig ratio , we h v p s ed f l wi g five as : 1) SISO,
wi n = 1 dq = 0. 2) 2 ⇥ 2 I O wi h q = 0. 3) 2 ⇥ 2 MIMO wi q = . 4) 4 ⇥ 4
MIMO it q 0. 5) 4⇥4 MIMO with q = 1. I c lcul ti ns, Ng n ass med
t Ng = 2.
Ng:
A k y fi i i g 15 is t, whe nly 1 c u (q = 0),
c asi b f t n n i ly u o tic lly gh
bi . T i s cl a i sp i g ol wi l r g y n = 1,
q = ), y w ( = 2, q = 0) r ( 4, q = 0). Once e s BW
i c ea g r d c s T . his i b cause of ddi i l ef n e ign l
r o r i p y ig rd r tr ns is a e a , ho
in F g 2 13, 14
9.4. M x u u b r f UE p TI
NTTIiU |MAX
h v d li g s is pap is l o f l to p e
xi u b f UEs t ca ch l d c TTI. Thi f a
t b k h xi u b r f u ers’ q U s
p rt c ll, as v c d l i di rib t d T I .
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of
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F r OFDMA-bas d et rk c L , t avai a l m d s ca b
s in w j t gori s. he power-c r l b sed d l t y the
co bination f e system c figura io and servic a s fu cti f
SINR di r buti [1 ]. T e e-co r l b d dels fo us t c bi
n t on of t e sy te configu on a d he d ta- te r visi n as a fu c io
f he lo i ri u i [15]. Th p rf r a c o el is the he optimized
solution t pr vide t e d mand d data- ate h t ge area, b l w he best
atchi g ys em o fig tion.
C i i g h r qui me f th r te ( d) bas d del ave a
ccur e m s re f r h c ll’s a in t is k pr s n ma h mat-
ical eth l gy t cal l t h ata-r e pr visio f multi-user sce ario
for ach cell with fl xibl sy te c figurati n pa a ters.
3. P bl S atem
As ti ne , h purpo of t is rk is t pr s tho l gy d
lgor th s t c r t y st he DL ugh ut or ap city (C [bi / ])
f LTE sys s in r al ic c n i s th c n id s gr io th t th
di↵ r n v rh d cha i ms roduce.
Intui vely, r th ough t r as s wit t u e of sef l RE ur-
ing giv n ti int rv f r . Th s ti in erv l   n b ei her 1
T I or 1 fr e, d p nd ng o he problem a d ( umber f us rs, file
siz t b d w lo by ny use , tc.). I this a er w will l b l h total
umb r of us ful R s (th is, h se fo u r da ) du ing i e terv l  t
by s g he notat o :
Overh a p rc n ge
wi h resp c t t v ilable Es
, BW (MHz)
 OTTIRE, (%) = O
Fra
RE, T
AFr eRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
w e A tRE, T n O RE, T e resent, es c ively, t e t tal mber of avail-
abl ( ll) and o er a REs wit in th ti i terv  t. S p r cript  t
is ot up rfl ous since i will assist in de a var e y f si uation
with an u ifi fo ma s . A will b mo l d in h s p pe , s ov rh ad
c m n ts appear o ly o c p r frame while ot ers are epeat d ev y TTI.
5
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For FDMA-b s d netw k, such as L E, the available odels c n
se in t o maj r c t gori s. e p we -cont ol ba d model s dy th
co bi i f th sys m c nfigura ion a d the serv ce ar as a functio of
SINR d s ribution [14]. The rate-co tr l b sed o els focu o h c -
ation of t e s ste c nfigurat on nd the d ta-ra e provisi n a a fu i n
of e load distri u ion [ 5]. The perfo ma ce del is then the optimiz d
lution t provid the de an d da a-r te in the targ t area, b low the b s
a chi g syst c figur tio .
C nsid ring the r quir e t f the rate (loa ) bas d mo el to have n
urate me ur fo eac ell’s capacity, i thi w k w pr s nt a mat e t-
ical me hodology o calculate h d -ra provi ion f r multi-us r sce ari s
for ach c ll with fl xibl sys m co figura i par m ters.
. P obl m Sta e t
As m ntioned, the purp se of this ork is o pr pose a ethodolog nd
lg rith s to ccur ly ti ate the L throughput or cap ity C [bit/ ])
f LTE yst m n r ali tic scena i s t a consid r the d grad ti n t a th
di↵er t ov rh ad ech ism pr duce.
In ui ivel , us r r ughput increas wit h umb r of useful RE dur-
ing a give tim in rval of int rest. his ti e interval  t can be ither 1
TTI or 1 f am , dep nding on the proble at h d (number of ser , file
size t be d w lo d by ny u er, c.) In this pap r w will l bel e total
numbe of useful REs ( hat is, th s for user d ta) during a ti e interval  t
y si g th no ti n:
Overhe d pe entage
(wi h r spec the v ilable REs)
, BW (MHz)
 OTTIRE, T(%) O
Frame
RE, T
AF amRE, T
⇥ 100
U tRE T = A  , T  O tRE, T, (1)
r A tRE, T d O tRE, T rep esen , espectively, he total number of avail-
bl (all) and ve ad REs ithi t e im in erval  t. Sup rscript  t
is not sup rfluous nc it ill assist u in m eling a v riety of si uat on
wi h an unified formalism. s will be mode d in this paper, ome overh d
compo ents appear o ly onc pe frame whil th rs ar repeated ev ry TTI.
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S
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L
T
E
M
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um
D
L
D
ata-rate
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e
system
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con
fi
gu
red
w
ith
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h
igh
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p
aram
eters
an
d
all
th
e
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le
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are
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3.9.5 Multiple users with di↵erent services
Table 3.12 summarizes the transmission and reception conditions of the simulated
scenario. It corresponds to a system with BW = 20 MHz in which there are 10
users with di↵erent Multiple Antenna Technologies (MAT). These 10 users have to
share NRB = 100 RBs corresponding to BW = 20 MHz (see Table 3.3). It has been
assumed that users are randomly distributed so that any UEj (with j = 1, 2, · · · , 10)
has a given CQI value, which, using Table 3.2, allows for obtaining the corresponding
values for Q and ECR.
Table 3.12: Values of the parameters involved in the multi-user scenario simulated.
ID means identifier. MAT stands for Multiple Antenna Technology.
User ID MAT ⌦ CQI Q ECR
1 4⇥ 4 MIMO 4 6 2 0.588
2 2⇥ 2 MIMO 2 9 4 0.601
3 SISO 1 15 6 0.926
4 4⇥ 4 MIMO 4 10 6 0.455
5 2⇥ 2 MIMO 2 9 4 0.601
6 4⇥ 4 MIMO 4 5 2 0.438
7 SISO 1 12 6 0.650
8 2⇥ 2 MIMO 2 8 4 0.478
9 4⇥ 4 MIMO 4 11 6 0.554
10 4⇥ 4 MIMO 4 14 6 0.825
Based on the user’s data listed in Table 3.12, we have applied the proposed
method to compute the corresponding throughput in two di↵erent cases. These di↵er
in the way the available resource blocks are assigned to the ten users. This can be
done by using the parameter wj defined by Expression 3.6, which is just the fraction
of resource blocks assigned to each user. In the first case study we have considered
that all users received the same fraction of RBs, that is w1 = w2 = · · · = w10 = 0.1.
The corresponding throughout for each user has been represented by means of the
blue bars in Figure 3.14 (a). The second case study corresponds to a resource
allocation strategy that aims to ensure that all users have approximately the same
bit rate (red bars in Figure 3.14 (a)). This is done by adjusting each wj = N
UEj
RB /NRB.
The corresponding number of RBs assigned to each user N
UEj
RB has been represented
in Figure 3.14 (b). Note that the first strategy, which distributes resources equally
among all users, leads to a service scenario in which there are users with high bit
rate (for instance, user 10) in the detriment of others with much lower bit rate (see
users 1 and 2). This is because of the di↵erent reception conditions (di↵erent CQI
values) and di↵erent MAT schemes (SISO vs. 4 ⇥ 4 MIMO, for instance). The
second strategy aims to compensate for these inequalities and help all users have a
DL bit rate with mean value = 6.927336 Mbps and variance = 998 bps.
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9.4. Maximum number of UE per TTI
NTTIiUE |MAX
The overhead modeling presented in this paper is also useful to compute
the maximum number of UEs that can be scheduled in each TTI. This feature
must not be mistaken with the maximum number of users’ equipments UEs
supported by a cell, as the active users can be scheduled in distributed TTIs.
Figures 16, 17 and 18 show the maximum number of UEs per TTI as
a function of BW (MHz) for 4 ⇥ 4 MIMO, 2 ⇥ 2 MIMO, and SISO. The
figures are parametrized by Ng = 1/6, 1/2, 1, 2 and by q = 1 and q = 0 (in
the configurations 4 ⇥ 4 MIMO and 2 ⇥ 2 MIMO), but only q = 0 in SISO
(because in SISO only 1 codeword is allowed).
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6.1.InfluenceoneachcomponentasafunctionofBW
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoaccuratelyestimatetheDLthroughputorcapacity(C[bit/s])
ofLTEsystemsinrealisticscenariosthatconsidersthedegradationthatthe
di↵erentoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervalofinterest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numberofusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byusingthenotation:
 O
Frame
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,T
=A
 t
RE,T
 O
 t
RE,T
,(1)
whereA
 t
RE,T
andO
 t
RE,T
represent,respectively,thetotalnumberofavail-
able(all)andoverheadREswithinthetimeinterval t.Superscript t
isnotsuperfluoussinceitwillassistusinmodelingavarietyofsituation
withanunifiedformalism.Aswillbemodeledinthispaper,someoverhead
componentsappearonlyonceperframewhileothersarerepeatedeveryTTI.
ToproceedfurtherwithLTEcapacityestimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotodetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
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6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
Whenthesystemiscnfiguredwithitshighetparametrsandallthe
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conditions,thehighestdata-rateprovisioncanbeexpected.Anaccurate
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•Thehighestspatialmultiplexinglevel,iplying2codewords(q=1),
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we present a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each cell with flexible syste c nfiguration parameters.
3. P oblem Statement
As mentioned, the purpos of this work is to pr pose a ethodology and
algorithms to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
ing a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr me, depending on the problem at and (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with respect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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For1.4is31%.RSis91%...
For20MHzis16%.RSis46%...
10#
15#
20#
25#
30#
35#
1,4#3#5#10#15#20#
!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailblemodelscanbe
seeninwomajorcategories.Thepwer-controlbsedmodelsstudythe
combinationofthesystmcnfigurationandteservicearaasafunctionof
SINRdistribution[14].Thrate-controlbasedmodelsfocusnthecmbi-
nationofthesysteconfigurationandthedata-rateprovisasafuction
oftheloaddistribution[15].Teperformancemodelisthentheoptimizd
solutiontoprovidethedemandeddta-raeinthetargetarea,blowthebest
matchingsystemconfiguration.
Consideringtherequiremenoftherate(load)basedmdeltohavean
accuatemeasureforeachcell’scapacity,inthisworkweprsentmhemat-
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6.4.Scenario1:singleuser.LTEMaxiuDLData-rate
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=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptableamximumerrorof4%,thiswillprovideus
asafetyfactorthatincludesthepossibiityofnotbeingableuseN
g
=/6.
WwillconsiderfromnowonN
g
=2sinceiisacnservativdesign(wrs
case)that,fromapractialpointofview,lightlyunderestimatethpeak-
datarate(⇡4%).
9.3.Overhedandcpacityasafunctionofthumberoftransmittingn-
tenas,n
Figure11showsthepekdaarate(Mbps)asafunctionofBW(MHz)
paramtrizedbythenumberoftransmittigantenns,n=1,2,and4,re-
spctively.Whatismoreinresingisthewaytoverheadcompnts
haveadi↵erentipactontheotloverheadasafunctioof,asshownin
Figures12,13,and14.
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Consideringtherequirementoftherate(lod)basedmodeltohavan
accuratemeasurefoechcell’scapacity,inthiwrkweprsentamathemat-
icalmehodologytoclcultehedata-rateprovisionformulti-userscenrios
foreachcellwithflexiblesystmconfiguationpramters.
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di↵erentoverheadmechaismsproduc.
Intuitively,uerthroughputincraseswithhenubeofuseflREdur-
igagivtimeintervalofintrest.Thisteintrvl tanbeeiher1
TTIor1frae,dependigontheprbleahand(umberofusers,file
siztobedownloadbyanyuser,etc.).Inthisperwewilllabelthetotl
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TproceedfuthewithLTEcapcitystimtiontisconvninttocon-
siderthatnotlltebitsareusdtotransportuserdtabutalsotodetect
errors(foinstance,CyclicRedundancyCheck(CRC)bits).Theusrdata
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of the system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus on the combi-
nation of the system configuration and the data-rate provision as a function
of the load distribution [15]. The performance model is then the optimized
solution to provide the demanded data-rate in the target area, below the best
matching system configuration.
Considering the requirement of the rate (load) based model to have an
accurate measure for each cell’s capacity, in this work we presen a mathemat-
ical methodology to calculate the data-rate provision for multi-user scenarios
for each c ll with flexible syste c nfiguration parameters.
3. P obl m Statement
As mentioned, the purpos of this work is to pr pose ethodology and
algorithms to ac urately estimate the DL throughp t or capacity (C [bit/s])
of LTE systems in realistic scenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
Intuitively, user throughput increases with the number of useful RE dur-
i g a given time interval f in erest. This time interval  t can be either 1
TTI or 1 fr m , depending on the problem at and (number of users, file
size to be download by any user, etc.). In this paper we will label the total
number of useful REs (that is, those for user data) during a time i terval  t
by using the notation:
Overhead percentage
with res ect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unifi d formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 16: Maxi um number of users per TTI, parametrized by Ng = 1/6, 1/2, 1, 2, as a
functio of BW for a 4⇥ 4 MIMO co figuration with q = 1 (a) and q = 0 (b).
9.5. M lti- se with di↵ r nt s rv ces
wj are a justed
imi g t balancing TBSs
User’s identifier
10. Co clu i n
In this paper, we reviewed the LTE technical features, with special fo-
cus n resou ce allocation trategies and multi-antenna transmission schemes.
40
9.4. Maximum umb f UE per TTI
NTTIiU |MAX
The ve head o eling pr sent d in this paper i also useful to compute
t e maximum numb r of UEs th t can be scheduled in each TTI. This feature
ust ot e mistak wit he ax mum number of users’ equipments UEs
suppo t d y a cell, as th ac i us s an be scheduled n distributed TTIs.
Figures 16, 17 and 18 show the max mum number of UEs per TTI as
a funct o f BW (MHz) for 4 ⇥ 4 MIMO, 2 ⇥ 2 MIMO, and SISO. The
figures are p rametrized by Ng = 1/6, 1/2, 1, 2 and by q = 1 nd q = 0 (in
the co figurations 4 ⇥ MIMO nd 2 ⇥ 2 MIMO), but only q = 0 in SISO
(b c se in SISO nly 1 codeword s lowed).
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6.1.IfluenconeachcomponentasafunctionofBW
For1.4is31%.RSis91%...
For20MHzis16%.RSis46%...
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!!!!!!!!!!!!!!!!!Siomina
ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemStatement
Asmentioned,thepurposeofthisworkistoproposeamethodologyand
algorithmstoccuratelyestimatetheDLtroughputorcapacity(C[bit/s])
ofLTEsystemsirealisticscenariosthtconsidersthedegradaionthatthe
di↵eretoverheadmechanismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
ingagiventimeintervlofinterest.Thistimeinterval tcanbeeither1
TTIr1frame,dependingontheproblemathand(numberofusers,file
sizetobedwnloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
nuberfusefulREs(thatis,thoseforuserdata)duringatimeinterval t
byuigthenotatin:
 O
Frame
RE,T
(%)=
O
Frame
RE,T
A
Frame
RE,T
⇥100
U
 t
RE,
=A
 t
RE,T
 O
 t
RE,T
,(1)
wheeA
 t
RE,T
adO
 t
RE,T
repsnt,repctively,thetotalnumbofavail-
able(all)adoverheadREwithinthetimeinterval t.Suerscript t
iotsupfluoussinceitwillssistusinmoelingavarietyofsituation
withanuifieformalism.Aswillbemdeledinthispaper,someoverhead
copentspperonlyonceperframewhileothersarerepeatedeveryTTI.
ToprocedfurthewithLTEcapcityestimationitiscoveienttoco-
siderthanotllthebitsareusedtotrnsportuserdatabutalsotodeect
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vailalersourcesareassigedtoasileUEwhihisinthebsrception
conditions,thehighestdata-rateprovisioncanbeexpected.Anaccurate
overeadcalcultinsthatiscustomizewiththesytemconfiguration,pro-
videsuswihtheexactmountfusefulesourcesthatcanbeassignefo
data-trnsmisi.
ConsideringthemximusviceprovisioncapabiliiesofLTE,fomax
data-ratecalculation,thefollowingsystemconfiguratioshallbeapplied:
•ThehighestBWof20MHz(N
RB
=100andP=4)
•Thehighestspatialultiplexinglvel,iplying2codewords(q=1),
and4⇥4MIMO(⌦=4).
26
F
ig
u
re
5:
O
ve
rh
ea
d
p
er
ce
nt
ag
e
(%
),
w
it
h
re
sp
ec
t
to
A 
t
R
E
,
T
,
as
a
fu
n
ct
io
n
of
B
W
.
S
qu
ar
ed
sy
m
b
ol
s
re
p
re
se
nt
s
 
OF
ra
m
e
R
E
,
T
(%
)
 
OT
T
I
R
E
,
T
(%
).
 
OT
T
I
R
E
,
T
(%
)
=
OF
ra
m
e
R
E
,
T
AF
ra
m
e
R
E
,
T
⇥
10
0
6.
2.
S
en
si
ti
vi
ty
of
ov
er
he
ad
on
D
C
I
le
n
gt
h
L
D
C
I
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
3.
In
fl
ue
n
ce
of
N
g
“P
H
IC
H
G
ro
up
S
ca
li
n
g
F
ac
to
r”
A
s
a
fu
n
ct
io
n
of
B
W
..
.
6.
4.
S
ce
n
ar
io
1:
si
n
gl
e
us
er
.
L
T
E
M
ax
im
um
D
L
D
at
a-
ra
te
W
h
en
th
e
sy
st
em
is
co
n
fi
gu
re
d
w
it
h
it
s
h
ig
h
es
t
p
ar
am
et
er
s
an
d
al
l
th
e
av
ai
la
b
le
re
so
u
rc
es
ar
e
as
si
gn
ed
to
a
si
n
gl
e
U
E
w
h
ic
h
is
in
th
e
b
es
t
re
ce
p
ti
on
co
n
d
it
io
n
s,
th
e
h
ig
h
es
t
d
at
a-
ra
te
p
ro
vi
si
on
ca
n
b
e
ex
p
ec
te
d
.
A
n
ac
cu
ra
te
ov
er
h
ea
d
ca
lc
u
la
ti
on
s
th
at
is
cu
st
om
iz
ed
w
it
h
th
e
sy
st
em
co
n
fi
gu
ra
ti
on
,
p
ro
-
vi
d
es
u
s
w
it
h
th
e
ex
ac
t
am
ou
nt
of
u
se
fu
l
re
so
u
rc
es
th
at
ca
n
b
e
as
si
gn
ed
fo
r
d
at
a-
tr
an
sm
is
si
on
.
C
on
si
d
er
in
g
th
e
m
ax
im
u
m
se
rv
ic
e
p
ro
vi
si
on
ca
p
ab
il
it
ie
s
of
LT
E
,
fo
r
m
ax
d
at
a-
ra
te
ca
lc
u
la
ti
on
,
th
e
fo
ll
ow
in
g
sy
st
em
co
n
fi
gu
ra
ti
on
sh
al
l
b
e
ap
p
li
ed
:
•
T
h
e
h
ig
h
es
t
B
W
of
20
M
H
z
(N
R
B
=
10
0
an
d
P
=
4)
26
1.
4
3
5
10
15
20
bitratein⇡4%whencomparedtothatcomputedwhenusingN
g
=1/6
(bestcase).Thisworstcaseleadstoabitrate303Mbps(usingN
g
=1/6)
and314Mbps(usingN
g
=2).
Ifweconsiderasacceptableamaximumerrorof4%,thiswillprovideusa
asafetyfactorthatincludesthepossibilityofnotbeingabletouseN
g
=1/6.
WewillconsiderfromnowonN
g
=2sinceiisaconservativdesign(worst
case)that,fromapractialpointofview,lightlyunderestimatethpeak-
datarate(⇡4%).
9.3.Overheadandcapacityasafunctionofthenumberoftransmittingan-
tennas,n
Figure11showsthepeakdatarate(Mbps)asafunctionofBW(MHz)
parametrizedbythenumberoftransmittingantenns,n=1,2,and4,re-
spctively.Whatismoreintresingisthewaytheovrheadcomponnts
haveadi↵erentipactonthettaloverheaasafuncionofn,asshonin
Figures12,13,and14.
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ForOFDMA-basednetwork,suchasLTE,theavailablemodelscanbe
seenintwomajorcategories.Thepower-controlbasedmodelsstudythe
combinationofthesystemconfigurationandtheserviceareaasafunctionof
SINRdistribution[14].Therate-controlbasedmodelsfocusonthecombi-
nationofthesystemconfigurationandthedata-rateprovisionasafunction
oftheloaddistribution[15].Theperformancemodelisthentheoptimized
solutiontoprovidethedemandeddata-rateinthetargetarea,belowthebest
matchingsystemconfiguration.
Consideringtherequirementoftherate(load)basedmodeltohavean
accuratemeasureforeachcell’scapacity,inthisworkwepresentamathemat-
icalmethodologytocalculatethedata-rateprovisionformulti-userscenarios
foreachcellwithflexiblesystemconfigurationparameters.
3.ProblemSttemen
Asmentioned,thepurpsethisworkistoproposeamethodologyand
algrithmstoccuratelyestimaetheDLthoughputorcapacity(C[bit/s])
fLTEsystmsinrealisticscenaisthatcnsidrsthedegradationthatthe
di↵erentoverheadmechaismsproduce.
Intuitively,userthroughputincreaseswiththenumberofusefulREdur-
igagivtimeintervalofintrest.Thistimeinterval tcanbeeither1
TTIor1frame,dependingontheproblemathand(numberofusers,file
sizetobedownloadbyanyuser,etc.).Inthispaperwewilllabelthetotal
numbrofusfulREs(thatis,thoseforuserdaa)duringatimeinterval t
byusingthenotation:
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abl(all)andoverheadREswithinhtimentval t.Superscript t
isntsuperfluossinceitwillassistusinmodelingavarietyofsituation
withaunifiedformalis.Aswillbemodeledinthispaper,someoverhead
comonentsappearonlyonceperframewileothersarerepeatedeveryTTI.
ToproceedfurthrwitLTEcapciystimationitisconvenienttocon-
siderthatnotallthebitsareusedtotransportuserdatabutalsotodetect
errors(forinstance,CyclicRedundancyCheck(CRC)bits).Theuserdata
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
c mbin i n of th system configu at on and the service area as a function of
SINR distribution [14]. The rate-control based models focus n the combi-
ation of the system configura ion and the data-rate pr vi ion s a function
of the load dist ibution [15]. The perfo man e model is then the optimized
sol ion to provi e the dema ded d ta-rate n he t rg t rea, below the best
matching syste configuration
Considering the requirement of he rate (load) based model to have a
accurate mea ure for ach cel ’s capacity, in this work we pr sent a mathem t-
ical methodology to c lculate t e d ta-rate pr vision for multi-us r scenarios
for e ch cell wit flexible syste c nfi ur tion p rameters.
3. P oblem Statement
As mentione , the purpos of his work is o pr po e ethodology and
lgorith s to accurately estimate the DL throughput or capacity (C [bit/s])
of LTE systems in realistic cenarios t at co siders degradation that the
di↵er n overhead mechanisms produce.
I tuitively, user throughput increases with the number of useful RE dur-
ing a giv n time interval f in erest. This time inte val  t can be either 1
TI o 1 fr m , depending on the problem at and (number of users, file
size to be download by any user, etc.). In this pape we will label the otal
number of useful REs (that s, tho for user data) during a time i terval  t
by using the notation:
Overhead percentage
with r spect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unified formalism. As will be modeled in this pape , some overhead
compon nts appear o ly once per frame while others are repeated every TTI.
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For OFDMA-based network, such as LTE, the available models can be
seen in two major categories. The power-control based models study the
combination of th system configuration and the service area as a function of
SINR distribution [14]. The rate-control based models focus n the combi-
nation of the system configura ion and the data-rate pr vi ion s a function
of the load dist ibution [15]. The perfo man e model is then the optimized
sol ti n to provi e the dema ded data-rate n the t rget rea, below the best
matching syste configura ion
Consid ring the requirement of he rate (load) based model to have an
accurate mea ure for ach cell’s capacity, in this work we pr sen a mathem t-
ical methodology to c lculate t e d ta-rate pr vision for multi-us r scenarios
for each c ll wit flexible syste c nfiguration parameters.
3. P obl m Statement
As m ntio ed, the purpos of this work is to pr pose ethodology and
algorithms to ac urately estimate the DL throughp t or capacity (C [bit/s])
of LTE systems in realistic cenarios that considers t degradation that the
di↵er nt overhead mechanisms produce.
I uitively, user throughput increases with the number of useful RE dur-
i g a giv n ime i terval f in erest. This time inte val  t can be either 1
TI or 1 fr m , depending on th problem at and (number of users, file
siz to be download by any user, etc.). In this pape we will label the otal
number of useful REs (that is, tho e for user data) during a time i terval  t
by using the notation:
Overhead percentage
with res ect to the av ilable REs
, BW (MHz)
 OTTIRE, T(%) = O
Frame
RE, T
AFrameRE, T
⇥ 100
U tRE, T = A tRE, T  O tRE, T, (1)
where A tRE, T and O tRE, T represent, respectively, the total number of avail-
able ( ll) and o erhead REs within the time interval  t. Superscript  t
is not superfluous since it will assist u in model ng a variety of situation
with an unifi d formalism. As will be modeled in this pape , some overhead
c mpon nts appear o ly once per frame while others are repeated every TTI.
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Figure 16: Maxi m number of users pe TTI, param trized by Ng = 1/6, 1/2, 1, 2, as a
fu ctio of BW f r a 4⇥ 4 MIMO co figuratio with q = 1 (a) and q = 0 (b).
9.5. M lti- se with di↵ r nt s rv ces
wj are a justed
imi g t balancing TBSs
User’s identifier
10. Co clu i n
In this paper, we reviewed the LTE technical features, with special fo-
cus n resou ce allocation trategies and multi-antenna transmission schemes.
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(a)
(b)
T ble 10: Values of th paramet rs inv lved in he multi-user scenario simulate . ID
mea s identifier. MAT stands for Multipl Ant nna Technology.
User ID MAT ⌦ CQI Q ECR
1 4⇥ 4 MIMO 4 6 2 0.588
2 2⇥ 2 MIMO 2 9 4 0.601
3 SISO 1 15 6 0.926
4 4⇥ 4 MIMO 4 10 6 0.455
5 2⇥ 2 MIMO 2 9 4 0.601
6 4⇥ 4 MIMO 4 5 2 0.438
7 SISO 1 12 6 0.650
8 2⇥ 2 MIMO 2 8 4 0.478
9 4⇥ 4 MIMO 4 11 6 0.554
10 4⇥ 4 MIMO 4 14 6 0.825
Ba ed o th us r’s t li ed in Table 10, we h ve applied the proposed
me h o comput t e
AQUI
wj 0.1, j = 1, 2, · · · , NTTIiUE
wj djus d
o equaliz Tj
T (Mbps)
10. Conclu io
In his paper, w r viewed he LTE ec nical featu es, wi h special fo-
cu on sourc llocatio s rat gies d mult -ante n transmission schemes.
he provide marizi g t bles an ca by c se definition allow the reader
t g in a d i ight n th tudied o i s. A dy am c LTE v rhead calcu-
la i n was f rmu ated b s d on deta led syste charact r stics. A throughput
d a-r te calcul tion thod logy was presente as a me ric for performance
ev lua ion for the LTE syste under study. The o rhead and throughput
c lc lation m t dol y el bor te n t i work a e func ion of: channel
bandwidth, scheduli g type, tr n i sion antenn scheme, HARQ configu-
tion an h number and rec ption con itions of the multiple served users.
Ther fore, it’s highly c ge se sitive nd can e asily ad pted for di↵er-
e t LTE sys em o figu a i ns. The aximum throug pu rate resulted from
thi ethodology validates the t rgeted peak d a-rat , as suggested by LTE
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B sed he ser’s data listed in Tabl 10, we have pplied the proposed
m thod to mpute the
AQUI
wj = 0.1 j = 1, 2, · · · , NTTIiUE
wj dj sted
t equaliz Tj
T (M ps)
10. Conclusio
In this paper, we review d the LTE echnical features, with special fo-
cus o reso c all cation stra egies and multi-ante na transmission schem s.
Th provi ed su m rizing tabl s a d case by case defi itions allow the reader
t gain a deep insight on the stu ie topics. A dyna ic LTE overhead calcu-
l ti n w s formulated base on d tailed system characteristics. A throughp t
data-rate calcula io m ho ol gy was pr sent d s a metric for performance
valu ion fo e LTE syst u d r s ud . The overhead and hro ghput
calc la i m thod logy elaborated i this work a functio of: channel
ban width, scheduling ype, r nsm ssi n ante n scheme, HARQ configu-
rat on nd the numb r and reception ondi i s of the ultiple served users.
Th r fore, it’s highly c ange se sitive nd n be asily adapt d for di↵er-
en L E syst m c nfigura ions. The maxi um th oughput rate resulte from
his methodology v lidat h targ t d pe k at -rate, as suggested by LTE
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Figur 3.14: ( ) r ughp t T (M ps) f e c of the te users whos DL conditions
have been listed n T b 3.12. Blue lumns represen each use ’s Tj when wj = 0.1,
while red c l mns show Tj w e co  cients wj are adjusted aiming at equalize each
us rs’ Tj (mean v lue = 6.927336 Mb s, va iance = 998 bps). (b) Corr ponding
nu ber of RBs that e c ser U j rec ves during TTIi, N
UEj
RB (see Expression (3.6))
when coe cients wj are a justed ai ing a equalizing Tj.
3.10 Summary and conclusions
Overhead (O) Resource Elements (REs) in the downlink (DL) of Long Term
Evolution (LTE) networks, which are necessary for controlling, signaling and syn-
chronization tasks at the Physical (PHY) level and Media Access Control (MAC)
sub-level, play a key role to accurately compute LTE performance (basically, data
throughput T ) in a variety of possible configurations, despite not having received
much interest in the technical literature to the point that, to the best of our knowl-
edge, there is no complete model containing all components and dependencies.
Just in this respect, this work has presented a data-rate based performance model
that aims at accurately and dynamically computing all the overhead REs (and, thus
the real throughput T ) within a unified framework, which takes into account all the
possible variables it depends on: channel bandwidth (BW), resource allocation type,
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multiple antenna technology (MAT), Hybrid Automatic Repeat Request (HARQ)
configuration, and number and reception conditions of user equipments (UEs). The
model includes all the mechanisms that generate overhead: Physical Downlink Con-
trol Channel Overhead (O tPDCCH), Reference Signal Overhead (O tRS), Physical Hy-
brid ARQ Indicator Channel Overhead (O tPHICH), Physical Control Format Indica-
tor Channel Overhead (O tPCFICH), Synchronization Signal Overhead (O tPSCH) and
Broadcast Channel Overhead (O tPBCH). The last two are repeated only once per
frame (= 10 ms), while the first four are repeated once per subframe or Trans-
mission Time Interval (TTI), the smallest time interval (= 1 ms) in which LTE
can assign resources to users in a cell.  t stands for the time period over which
overhead is calculated depending on user’s service. Computing overhead at TTI
scale ( t = 1 TTI) is specially practical in applications using Transmission Control
Protocol (TCP), in which user’s tra c is bursty and dynamic. However, there are
services, such as VoIP, that require persistent scheduling for allocating resources to
a user for a time period longer than one TTI ( t = p TTI, p being an integer). The
model allows thus for computing the total overhead at both TTI and frame scales,
OTTITOT and OframeTOT , respectively, although it is also possible to compute Op TTITOT under
a persistent scheduling for a time period of p TTIs.
Such versatility (in computing overhead over the required number of TTIs) and
flexibility (including all possible variables) made the model be easily adaptable for
all the di↵erent LTE system configurations and realistic situations. In this respect,
the model has assisted us in: 1) accurately computing the contribution of each
overhead mechanism and its corresponding influence on real data throughput; 2)
optimizing throughput (by selecting the configurations that minimizes overhead) in
each situation; 3) calculating the maximum number of users per TTI (which are
restricted by a limited number of controlling REs); and 4) dynamically computing
throughputs, not only in single user scenarios, but also in multi-service and multi-
user scenarios with adaptive MAT for each user. In our experimental work we have
explored the influence of the variables that overhead depends on, the main results
being as follow.
1. Influence of BW
The first result in this respect is that the relative influence of overhead (the
percentage with respect to the total available resources) reduces as BW increases.
Specifically, in the optimum 4 ⇥ 4 MIMO configuration, for a channel bandwidth
BW = 20 MHz, the percentage (with respect to the total available resources) of both
computed overheads,  OframeTOT and  OTTITOT, tend to an upper bound of about 15.9%.
While, for BW = 1.4 MHz,  OframeTOT |(BW=1.4 MHz)= 31.1% is appreciably higher than
 OTTITOT |(BW=1.4MHz)= 25.4%, however, as BW increases, their respective values re-
duce, both being below 17% for BW = 10, 15, 20 MHz. The results from [66, 72]
underestimate overhead because they do not take into account all the overhead com-
ponents: 12.12% [66] compared to our (total) result  OTTITOT |(BW=10MHz)= 15.8%,
and 14.3% [72] compared to our result  OTTITOT |(BW=20MHz)= 15.6%.
A second interesting block of results is related to the percentage of each com-
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ponent over the total overhead OTTITOT. The results show that OTTIRS plays the key
role since is much higher than all the other components in all the LTE bandwidths.
Furthermore, as BW increases, OTTIRS also increases, while the percentage of others
reduce. For BW = 20MHz, this element is as large as  OTTIRS = 91% of all counted
overheads. Moreover,  OTTIRS +  OTTIPDCCH ranges between 84% and 97% in all the
BW range 1.4 MHz  BW  20 MHz. When applying the model at frame scale,
the results exhibit the same trends, although the relative contributions of OframeRS
and OframePDCCH are slightly smaller. This is because, at frame scale, there are overhead
components (OframeSCH and OframePBCH) that do not appear in a generic TTI, reducing thus
the relative contribution of OframeRS and OframePDCCH, which, in any case, are clearly the
dominant contributions to the total overhead.
The relative error made when computing the throughput at TTI level (T TTITOT)
instead of at frame level (T frameTOT ),  TTOT, has been found to be  TTOT < 1%
in those channel bandwidths for which LTE exhibits the highest data rates (BW
= 10, 15, 20 MHz). The practical consequence is that if an accuracy lower than 1%
is admitted, there is no practical di↵erence between computing the overhead either
at TTI level or at frame level: T frameTOT ⇡ T TTITOT = T .
Finally, as all overhead mechanisms have been computed in detail, the real data
throughput results is being slightly lower than those computed using less realistic
models. In particular, the limiting value has been found to be T = 313.6 Mbps.
2. Influence of the Hybrid ARQ configuration
The Physical Hybrid ARQ Indicator Channel (PHICH) carries the Hybrid-ARQ
acknowledgment in DL (corresponding to its previous counterpart uplink data trans-
fers). We have shown that its corresponding overhead OTTIPHICH depends, among oth-
ers, on the PHICH Group Scaling Factor, Ng, which can only take values in the
set {1/6, 1/2, 1, 2}. We have found that working with the case in which Ng = 2 (a
worst case that maximizes OTTIPHICH) only reduces the peak bit rate in ⇡ 4% when
compared to that computed when using Ng = 1/6 (best case). This worst case leads
to a bit rate 303 Mbps. If we consider as acceptable a maximum error of 4%, this
will provide us a a safety factor that includes the possibility of using any allowed
value of Ng.
3. Influence of MAT and resource allocation type
Multiple antennas technologies impact is classified into: Diversity that improves
the UE’s reception condition by duplicating the streams, thus allowing the use of
higher order MCS; as well as MIMO, that allows sending parallel streams which
allows for increasing throughput. The increase depends on the number of transmit-
ting (and reception) antennae (n), the number of layers (M), and the number of
transmitted codewords (q). The resource allocation types defined in LTE lead to a
number of allowed feasible combinations of values for n, M and q. Specifically, we
have computed the peak data T (Mbps) as a function of BW (MHz), parametrized
by n and the allowed values for q in five possible cases: 1) SISO (Single-Input and
Single-Output, n = 1), with n =1 and q = 0 (only 1 codeword is allowed); 2) 2⇥ 2
MIMO (Multiple-Input and Multiple-Output) and q = 0; 3) 2⇥2 MIMO and q = 1;
94 Summary and conclusions
4) 4⇥ 4 MIMO and q = 0; and 5) 4⇥ 4 MIMO and q = 1.
The first interesting result is that increasing the number of antennas n in MIMO
schemes not always leads to a higher throughput. When using 2 codewords (q = 1),
increasing n does lead to a superior performance than that of SISO for any BW
value. However, when using only 1 codeword (q = 0), increasing n does not increase
throughput but decreases it. For instance, for BW = 20 MHz, the peak data rate
for SISO is TSISO ⇡ 85 Mbps, which is greater than the one of 2 ⇥ 2 MIMO with
q = 0 (T2⇥2 MIMO ⇡ 82 Mbps), and 4⇥4 MIMO with q = 0 (T4⇥4 MIMO ⇡ 77 Mbps).
This is because of the additional reference signal resources required for higher order
transmission schemes, which increase the percentage of overhead RE with respect
to the available ones.
The second interesting result is related to the relative weight of each overhead
component (with respect to the total) as a function of n = 1, 2, 4. In the three
transmitting configurations, for BW   5 MHz, the dominant overhead components
are, at great extent, ORS and, to a lesser extent, OPHICH. However, at BW = 1.4
MHz, as n reduces, the influence of OPDCCH increases in the detriment of ORS: for
n = 4,  ORS ⇡ 52% and  OPDCCH ⇡ 25%, while, for n = 1, OPDCCH becomes
clearly dominant ( OPDCCH ⇡ 38%) when compared to the others.
4. Maximum number of users per TTI
The model includes the existence of a maximum number of users per TTI based
on the fact that there is a limited number of controlling OFDM symbols for shared-
data transmitting subframes. Specifically, we have computed the maximum number
of users per TTI, NTTIiUE |MAX, parametrized by Ng = 1/6, 1/2, 1, 2, as a function of
BW, for di↵erent configurations: SISO with q = 0; 2 ⇥ 2 MIMO with q = 0 and
q = 1; and 4⇥4 MIMO with q = 0 and q = 1. The main results are: 1) Increasing the
number of antennae n reduces the maximum number of users per TTI, NTTIiUE |MAX,
because it requires higher OTTIRS . 2) Increasing either Ng or q reduces NTTIiUE |MAX
because OTTIPHICH increases.
Finally, the versatility (in computing overhead over the required number of TTIs
for each user’s service) and the flexibility (including all possible variables) of our
method allows for optimizing throughput (the metric for performance evaluation), by
selecting the configuration that minimizes overhead in any LTE operation condition.
Then these results can be tabulated and easily programmed to be used in real-time.
Thus, the model is useful for dynamic resource allocation in multi-user scenarios
with multi-antenna transmission schemes since it is able to include di↵erent resource
allocation strategies by simply varying the amount of resource blocks assigned to
each user. In the end it could be applied in more detailed system performance
evaluation studies, such as capacity estimation, cell and network planning along
with service provision design and optimization.
Chapter 4
Conclusions and Future Work
4.1 Summary and conclusions
When we began this thesis in 2012 there was two main technologies competing for
the International Mobile Telecommunications (IMT)-Advanced initiative, WiMAX
and LTE, and it was not clear at that moment which of the two would win and lead
the Broadband Mobile Internet [56].
However, at present, LTE is the undisputed winner for broadband mobile cellular
networks, while WiMAX has now been confined to very specific market niches such
as aviation industry [167–170], smart grids [171–173], smart city [174], or point-to-
point long distance and high rate radio transmission in applications such as oil and
gas companies. See [175] for further details.
In any case, what we do have in common in both standards is that LTE and
Mobile-WiMAX are both very complex solutions that, apart from technological sim-
ilarities, such as use of OFDM technology, have many structural and implementation
di↵erences. Additionally, the standards that define these two broadband mobile so-
lutions, both contain numerous flexibilities. The configuration choices are left open
for the vendors to find their optimal solution according to their service area. The
performance of these networks is therefore highly dependent on solving this complex
optimized design problem i.e. system vs. load. The network planning and optimize
design in new generation mobile networks is an active research line, specially in LTE,
the clear winner. High-level and at the same time accurate performance modeling
are of high value in planning cellular networks, as full scale dynamic simulations are
not a↵ordable in time and complication for large planning scenarios.
The objective of this thesis has been to provide a Performance Key Indicator
(KPI) for 4G broadband mobile technologies, defined as “The maximum number
of simultaneous multi-profile users that are jointly supported with each specific
access point, under specific system configuration”. This KPI has been found to be a
representation of the network operational capacity and corresponds to the goodput
of the system at full-load. The obtained capacity can be used as the basis for network
design, planning and dimensioning purposes, as well as cost estimation of the new
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generation cellular networks.
We have explored this research goal in a unified framework using:
  System Configuration: The technological features of the 4G solution (i.e. LTE
or Mobile-WiMAX) have been considered in detail with a change sensitive
focus for di↵erent system configuration options. The available resources for
each configuration and allocation of these resources have been modeled:
⇧ As the number of users increases, the operational system overheads to
keep track of these users also increase. So apart from the fixed system
overheads and data load consumed by the users, a dynamic overhead
calculation is required to know the remaining resources at each moment.
⇧ The resource allocation mechanisms of the technology under study needs
to be mathematically formulated to obtain the available resources below
each specific configuration and to know how each technology shares these
available resources between its end users.
  Service Profile: The end users that populate the service area, each may be
placed at di↵erent location and may request di↵erent sets of data services.
Di↵erent distribution of the users in service area results in di↵erent signal
reception conditions, and di↵erent tra c services that they request may con-
sume di↵erent amount of system resources. Thus it is essential to elaborate a
Service Profile definition to model the user’s condition and demand.
  System Capacity: An interactive algorithm is required to compare the system
available resources with the system demand at each instance, to determine
if the resources can meet new demands, and if not, present the maximum
a↵ordable demand as the system operational capacity.
With these considerations in mind, in Chapter 2 we have proposed a dynamic
capacity estimation methodology for Mobile WiMAX systems, while the sector un-
der study is simultaneously supporting multi-service users. Our algorithm contains
two major blocks that are solved at each given time and in parallel in order to, on
one hand, calculate the optimal available resource with respect to MCS distribution
and multi-user burst construction and, from the other hand, calculate the minimum
required resource consumption with respect to application profile and the multi-
service data-rate requirements. The general formulations for overhead estimation
are provided for any desired system parameters. The data-rate requirements of the
covered multi-services are grouped into guaranteed and non-guaranteed data-rates
and an application profile is defined as a consistent input for capacitating and di-
mensioning studies evaluation. Simulations are run with example values for MCS
distribution and daily averaged application profile. The simulation results with re-
gard to PHY+MAC overhead removal methodology underline the significant roll of
overhead calculations in capacity estimation studies. The elaborated statistical ap-
plication profile replaces the complexity of simulating a detailed scheduling strategy,
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thus providing reference measures in order to evaluate the performance of di↵erent
scheduling techniques in real time. Having the number of supported user with each
WiMAX hotspot, with regards to the parameters that characterize the access point
and the service area, the network planners can optimize the service provision in the
coverage area. Furthermore, the proposed algorithm is highly change sensitive. In
other words, the algorithm can be simply configured for each set of input parameters,
in order to study the impact of each parameter change on system performance. The
performance is evaluated in a single output result, that is, the number of supported
multi-users (or the cell goodput). Further studies shall be done in order to improve
the proposed algorithm with more implementation details, while keeping the simple
structure of the proposed approach for capacity estimation. In continuation to this
work, we plan to propose solutions in order to integrate the performance enhanc-
ing techniques in proposed algorithm and to include the short-scale channel state
variations factor in resource allocation. Furthermore, the impacts of handover and
mobility overheads on the Mobile WiMAX capacity estimation are other topics that
will be discussed in our related future works.
Following the same scientific approach, Chapter 3 has presented a data-rate based
performance model that aims at accurately and dynamically computing all the over-
head Resource Elements (REs). Overhead (O) REs in the downlink (DL) of Long
Term Evolution (LTE) networks, which are necessary for controlling, signaling and
synchronization tasks at the Physical (PHY) level and Media Access Control (MAC)
sub-level, play a key role to accurately compute LTE performance (basically, data
throughput T ) in a variety of possible configurations, despite not having received
much interest in the technical literature to the point that, to the best of our knowl-
edge, there is no complete model containing all components and dependencies.
Just in this respect, this Chapter has presented a data-rate based performance
model that aims at accurately and dynamically computing all the overhead REs
(and, thus the real throughput T ) within a unified framework, which takes into
account all the possible variables it depends on: channel bandwidth (BW), re-
source allocation type, multiple antenna technology (MAT), Hybrid Automatic Re-
peat Request (HARQ) configuration, and number and reception conditions of user
equipments (UEs). The model includes all the mechanisms that generate overhead:
Physical Downlink Control Channel Overhead (O tPDCCH), Reference Signal Over-
head (O tRS), Physical Hybrid ARQ Indicator Channel Overhead (O tPHICH), Physi-
cal Control Format Indicator Channel Overhead (O tPCFICH), Synchronization Signal
Overhead (O tPSCH) and Broadcast Channel Overhead (O tPBCH). The last two are
repeated only once per frame (= 10 ms), while the first four are repeated once per
subframe or Transmission Time Interval (TTI), the smallest time interval (= 1 ms)
in which LTE can assign resources to users in a cell.  t stands for the time period
over which overhead is calculated depending on user’s service. Computing overhead
at TTI scale ( t = 1 TTI) is specially practical in applications using Transmission
Control Protocol (TCP), in which user’s tra c is bursty and dynamic. However,
there are services, such as VoIP, that require persistent scheduling for allocating
resources to a user for a time period longer than one TTI ( t = p TTI, p being an
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integer). The model allows thus for computing the total overhead at both TTI and
frame scales, OTTITOT and OframeTOT , respectively, although it is also possible to compute
Op TTITOT under a persistent scheduling for a time period of p TTIs.
Such versatility (in computing overhead over the required number of TTIs) and
flexibility (including all possible variables) made the model be easily adaptable for
all the di↵erent LTE system configurations and realistic situations. In this respect,
the model has assisted us in: 1) accurately computing the contribution of each
overhead mechanism and its corresponding influence on real data throughput; 2)
optimizing throughput (by selecting the configurations that minimizes overhead) in
each situation; 3) calculating the maximum number of users per TTI (which are
restricted by a limited number of controlling REs); and 4) dynamically computing
throughputs, not only in single user scenarios, but also in multi-service and multi-
user scenarios with adaptive MAT for each user.
In our experimental work we have explored the influence of the variables that
overhead depends on, the main results being as follow.
1. Influence of BW
The first result in this respect is that the relative influence of overhead (the
percentage with respect to the total available resources) reduces as BW increases.
Specifically, in the optimum 4 ⇥ 4 MIMO configuration, for a channel bandwidth
BW = 20 MHz, the percentage (with respect to the total available resources) of both
computed overheads,  OframeTOT and  OTTITOT, tend to an upper bound of about 15.9%.
While, for BW = 1.4 MHz,  OframeTOT |(BW=1.4 MHz)= 31.1% is appreciably higher than
 OTTITOT |(BW=1.4MHz)= 25.4%, however, as BW increases, their respective values re-
duce, both being below 17% for BW = 10, 15, 20 MHz. The results from [66, 72]
underestimate overhead because they do not take into account all the overhead com-
ponents: 12.12% [66] compared to our (total) result  OTTITOT |(BW=10MHz)= 15.8%,
and 14.3% [72] compared to our result  OTTITOT |(BW=20MHz)= 15.6%.
A second interesting block of results is related to the percentage of each compo-
nent over the total overhead OTTITOT. The results show that OTTIRS plays the key role
since is much higher than all the other components in all the LTE bandwidths. Fur-
thermore, as BW increases, OTTIRS also increases, while the others reduce. For BW
= 20MHz, this element is as large as  OTTIRS = 91%. Moreover,  OTTIRS + OTTIPDCCH
ranges between 84% and 97% in all the BW range 1.4 MHz  BW  20 MHz. When
applying the model at frame scale, the results exhibit the same trends, although the
relative contributions of OframeRS and OframePDCCH are slightly smaller. This is because, at
frame scale, there are overhead components (OframeSCH and OframePBCH) that do not appear
in a generic TTI, reducing thus the relative contribution of OframeRS and OframePDCCH,
which, in any case, are clearly the dominant contributions to the total overhead.
The relative error made when computing the throughput at TTI level (T TTITOT)
instead of at frame level (T frameTOT ),  TTOT, has been found to be  TTOT < 1%
in those channel bandwidths for which LTE exhibits the highest data rates (BW
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= 10, 15, 20 MHz). The practical consequence is that if an accuracy lower than 1%
is admitted, there is no practical di↵erence between computing the overhead either
at TTI level or at frame level: T frameTOT ⇡ T TTITOT = T .
Finally, as all overhead mechanisms have been computed in detail, the real data
throughput results in being slightly lower than those computed using less realistic
models. In particular, the limiting value has been found to be T = 313.6 Mbps.
2. Influence of the Hybrid ARQ configuration
The Physical Hybrid ARQ Indicator Channel (PHICH) carries the Hybrid-ARQ
acknowledgment in DL (corresponding to its previous counterpart uplink data trans-
fers). We have shown that its corresponding overhead OTTIPHICH depends, among oth-
ers, on the PHICH Group Scaling Factor, Ng, which can only take values in the
set {1/6, 1/2, 1, 2}. We have found that working with the case in which Ng = 2 (a
worst case that maximizes OTTIPHICH) only reduces the peak bit rate in ⇡ 4% when
compared to that computed when using Ng = 1/6 (best case). This worst case leads
to a bit rate 303 Mbps. If we consider as acceptable a maximum error of 4%, this
will provide us a a safety factor that includes the possibility of using any allowed
value of Ng.
3. Influence of MAT and resource allocation type
Multiple antennas technologies, which allows for increasing throughput, depend
on the number of transmitting antennae (n), the number of layers (M), and the
number of transmitted codewords (q). The resource allocation types defined in
LTE lead to a number of allowed feasible combinations of values for n, N and q.
Specifically, we have computed the peak data T (Mbps) as a function of BW (MHz),
parametrized by n and the allowed values for q in five possible cases: 1) SISO (Single-
Input and Single-Output, n = 1), with n =1 and q = 0 (only 1 codeword is allowed);
2) 2 ⇥ 2 MIMO (Multiple-Input and Multiple-Output) and q = 0; 3) 2 ⇥ 2 MIMO
and q = 1; 4) 4⇥ 4 MIMO and q = 0; and 5) 4⇥ 4 MIMO and q = 1.
The first interesting result is that increasing the number of antennas n in MIMO
schemes not always leads to a higher throughput. When using 2 codewords (q = 1),
increasing n does lead to a superior performance than that of SISO for any BW
value. However, when using only 1 codeword (q = 0), increasing n does not increase
throughput but decreases it. For instance, for BW = 20 MHz, the peak data rate
for SISO is TSISO ⇡ 85 Mbps, which is greater than the one of 2 ⇥ 2 MIMO with
q = 0 (T2⇥2 MIMO ⇡ 82 Mbps), and 4⇥4 MIMO with q = 0 (T4⇥4 MIMO ⇡ 77 Mbps).
This is because of the additional reference signal resources required for higher order
transmission schemes, which increase the percentage of overhead RE with respect
to the available ones.
The second interesting result is related to the relative weight of each overhead
component (with respect to the total) as a function of n = 1, 2, 4. In the three
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transmitting configurations, for BW   5 MHz, the dominant overhead components
are, at great extent, ORS and, to a lesser extent, OPHICH. However, at BW = 1.4
MHz, as n reduces, the influence of OPDCCH increases in the detriment of ORS: for
n = 4,  ORS ⇡ 52% and  OPDCCH ⇡ 25%, while, for n = 1, OPDCCH becomes
clearly dominant ( OPDCCH ⇡ 38%) when compared to the others.
4. Maximum number of users per TTI
The model includes the existence of a maximum number of users per TTI based
on the fact that there is a limited number of controlling OFDM symbols for shared-
data transmitting subframes. Specifically, we have computed the maximum number
of users per TTI, NTTIiUE |MAX, parametrized by Ng = 1/6, 1/2, 1, 2, as a function of
BW, for di↵erent configurations: SISO with q = 0; 2 ⇥ 2 MIMO with q = 0 and
q = 1; and 4⇥4 MIMO with q = 0 and q = 1. The main results are: 1) Increasing the
number of antennae n reduces the maximum number of users per TTI, NTTIiUE |MAX,
because it requires higher OTTIRS . 2) Increasing either Ng or q reduces NTTIiUE |MAX
because OTTIPHICH increases.
4.2 Future work
The versatility and flexibility of the model presented in this thesis for perfor-
mance evaluation of mobile broadband technologies makes it change sensitive. Any
change in the configuration of the system is clearly reflected in the performance
output (i.e. capacity and goodput). This allows the utilization of this model for
detailed studies in which a set of di↵erent configurations can be simulated and com-
pared to reach an optimum system performance, at each given deployment scenario.
The results of these detailed studies can be programed in a visualization tool to
assist the network planning and dimensioning tasks with an optimized design.
In addition to the attributes of dynamic overheads studied in this thesis, the im-
pact of handover and mobility overheads shall be considered for enhanced estimation
of system performance in future studies.
The service profile model presented in this thesis draws the foundations to arrive
at a more elaborated model, which allows matching with consanguineously changing
user’s applications and habits. A real-time survey of the service profile, based on
in-filed monitoring of the timely usage (hourly, daily, etc) of the system will allow
adopting more practical values for the application distribution and contention ratios.
The results of this future study can potentially replace the complexity of a real-time
scheduling simulation with a simple and adoptable models for: best case, worse
case and average case user serving scenarios, that can satisfy an accurate network
planning and cost estimation purposes.
Finally, the proposed algorithm in this thesis for permanence evaluation of
LTE [176] and WiMAX is global and system independent. The same approach
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can be used to study and model the performance for latest cellular systems such as
LTE-Advanced [177] and other technologies and enhancements that together build
the 5G networks [178]. In particular, as pointed out in [179], the infrastructure den-
sification that the ultra-dense networks (UDN) paradigm [180] requires (in which
user density and node density can become similar [181]) can be put into practice
by increasing the density of operator-deployed infrastructure nodes along with user-
deployed access nodes and mobile user devices working as infrastructure prosumers.
Such network densification (up to the point that the densities of serving nodes and
served nodes become similar) along with massive MIMO [179, 182] are expected to
become the cornerstones of 5G networks [178, 179], increasing capacity in several
orders of magnitude. The technical details for overhead mechanisms of each tech-
nologies shall be adopted to be used as an input to the first process of the algorithm.
Then using the same proposed incremental algorithm for capacity estimation, the
service provision capabilities of each hot-spot can be evaluated.
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